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INTRODUCTION  fc  HISTORY 


A  pilot  program  for  the  Graduate  Student  Summer 
Research  program  (GSSRP)  was  initiated  by  contract  modifica¬ 
tion  to  the  AFOSR  Summer  Faculty  Research  Progam  (SFRP)  on 
26  March  1982.  The  program  was  developed  as  an  adjunct 
effort  to  the  SFRP.  Its  purpose  is  to  provide  funds  for 
selected  graduate  students  to  do  research  at  an  appropriate 
Air  Force  laboratory  or  center  with  a  supervising  professor 
who  holds  a  concurrent  SFRP  appointment.  In  the  1982  pilot 
program,  SCEEE  appointed  17  graduate  students  representing 
15  schools  and  10  disciplines  in  science  and  engineering, 
in  1983  the  program  was  expanded  to  53  students  representing 
36  schools  and  18  disciplines.  The  53  participants  were 
selected  from  117  applicants.  In  1984  we  had  112  applicants 
and  made  84  graduate  student  appointments. 

To  be  eligible,  all  candidates  had  to  be  currently 
registered  in  a  graduate  program.  The  graduate  students 
were  selected  from  the  fields  of  engineering,  computer 
science,  mathematics,  or  the  physical  sciences.  They  were 
supervised  by  a  faculty  member  who  held  an  appointment  as  a 
SCEEE  Fellow  for  the  summer  of  1984  under  the  summer  Faculty 
Research  Program  or  an  Air  Force  laboratory  designated 
colleague.  The  students  were  U.S.  citizens,  working  toward 
an  appropriate  graduate  degree,  and  currently  enrolled  in 
the  graduate  school  at  their  respective  institutions. 

The  graduate  student  researchers  in  this  program  had 

the  following  specific  obligations: 

1 )  To  participate  in  research  under  the  direction  of  a 
faculty  member  or  Air  Force  supervisor  at  an  Air 
Force  laboratory  or  center; 

2)  To  prepare  a  report  at  the  end  of  the  summer  period 

describing  the  summer  research  accomplishments. 
The  report  must  have  been  approved  by  or  co¬ 

authored  with  the  supervising  faculty  member  or  Air 
Force  supervisor; 

3)  To  complete  an  evaluation  questionnaire  on  the 
Graduate  student  Summer  Research  Program. 

1984  GSSRP  OBJECTIVES:  (1)  To  provide  a  productive 

means  for  a  graduate  student  to  participate  in  research 
under  the  direction  of  a  faculty  member  or  an  Air  Force 
designated  supervisor  at  an  Air  Force  laboratory  or  center; 
(2)  to  stimulate  continuing  professional  association  among 
graduate  students,  the  supervising  professors,  and  profes¬ 
sional  peers  in  the  Air  Force;  and  (3)  to  enhance  the 

research  productivity  and  capabilities  of  engineering  and 

science  graduate  students. 
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PREREQUISITES  FOR  APPOINTMENTS:  To  qualify  as  a  grad¬ 
uate  researcher  in  the  1984  GSSR  program,  applicants  must 
be:  (1)  U.S,  citizens;  (2)  nolders  of  a  B.S.  or  M.S. 
degree  in  an  appropriate  technical  specialty;  (3)  registered 
in  a  graduate  school  working  toward  an  appropriate  graduate 
degree;  and  (4)  willing  to  pursue  their  summer  research  work 
under  the  direction  of  a  supervising  professor  who  holds  an 
appointment  under  the  SFRP  for  the  summer  of  1984  or  an 
assigned  Air  Force  supervisor. 

RESEARCH  PERIOD:  The  period  of  the  student  appoint¬ 
ments  was  for  ten  continuous  weeks  at  the  research  site 
between  May  1  ,  1984  and  September  30,  1984.  The  student's 
research  period  coincided  with  the  appointment  period  of  the 
supervising  professor  with  whom  the  student  worked. 

APPLICATION  DEADLINE:  April  15,  1984 

FINANCIAL  TERMS:  Stipends  for  graduate  student  re¬ 

searchers  were  paid  as  follows: 

$55.00  per  day  ($275  per  week)  for  B.S.  degree 
holders; 

$65.00  per  day  ($325  per  week)  for  M.S.  degree 
holders. 

Travel  expenses  were  reimbursed  to  the  student  for 
round  trip  travel  between  the  researcher's  school  location 
and  the  Air  Force  facility  in  accordance  with  SCEEE  travel 
policy.  A  living  expense  allowance  of  $25.00  per  day  was 
paid  for  each  day  the  researcher  spent  at  the  Air  Force 
location. 

Evaluations  have  been  requested  of  the  laboratory 
contacts  and  all  have  responded  in  writing  or  verbally.  The 
common  opinions  among  government  laboratory  scientists, 
faculty,  and  students  are: 

(a)  That  the  program  is  a  valuable  addition  to  the  Summer 
Faculty  Research  Program; 

(b)  That  the  program  should  be  continued; 

(c)  That  students  should  be  supervised  by  faculty 
researchers; 

(d)  That  the  students  are  highly  motivated  and  contribute 
significantly  to  the  research  effort; 

(e)  That  exposure  to  USAF  R&D  produces  a  positive  student 
opinion  of  the  USAF. 

This  report  contains  detailed  and  summarized  data 
relevant  to  the  1984  Graduate  Student  Summer  Research 
Program. 
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LIST  CP  1984  (SADUKTE  STUDENT  PARTICIPANTS  (continued) 


NAME/ADDRESS 


DEGREE,  SPECIALTY, 
LABORATORY  ASSIGNED 


Donna  Brandelik 
Wright  State  University 
Chemistry  Department 
Dayton,  CH  45435 
(513)  873-2855 


Degree:  B.S.,  Chemistry, 

1983 

Specialty:  Polymer  Chemistry 
Assigned:  Materials  Laboratory 


Frederick  Breslin 
University  of  New  Mexico 
Department  of  Mathematics 
Albuquerque,  NM  87131 
(505)  277-4613 


Degree:  M.A. ,  Mathematics , 

1983 

Specialty:  Statistics 
Assigned:  Weapons  Laboratory 


Jan  Brooks 

The  university  of  Alabama 
Dept,  of  Management  &  Marketing 
University,  AL  35486 
(205)"  348-6090 


Degree:  M.S.,  School  of  Social  Work 

1974 

Specialty:  Organizational  Behavior 
Assigned:'  Leadership  &  Mgmt.  Dev.  Ctr 


Howard  Brown 

The  Ohio  State  University 
Department  of  Civil  Engineering 
Columbus,  CH  43210 
(614)  422-2771 

Degree:  M.S.,  Structured  Ena., 

1979 

Specialty:  Delamination  6  Failure  of 
Angle  Ply  Laminated  Comp. 
Assigned:  Materials  Laboratory 

Robert  Cheney 

University  of  Missouri 

Physics  Department 

Rolla,  MO  65401 
(314)  341-4702 

Degree:  B.S.,  Physics, 

1983 

Specialty:  Undecided 

Assigned:  Aero  Propulsion  Laboratory 

Susan  Cheney 

The  Ohio  State  University 
Department  of  Civil  Engineering 
Columbus,  CXI  43210 
(614)  422-2771 

Degree:  B.S.,  Civil  Engineering, 

1983 

Specialty:  Mechanics  of  Structural 
Composites 

Assigned:  Materials  Laboratory 

Michael  Coovert 

The  Ohio  State  University 
Department  of  Psychology 

Columbus,  OH  43210 
(614)  422-8175 

Degree:  M.S.,  Psychology, 

1981 

Specialty:  Ind. /Organ.  Psychology 
Assigned:  Human  Resources  Laboratory 

William  Czelen 

Wright  State  university 

School  of  Medicine 

Dayton,  OH  45401 
(513)  278-9185 

Degree:  M.D.,  Aerospace  Medicine, 

1971 

Specialty:  Aerospace  Medicine 
Assigned:  USAF  School  of  Aerospace 
Medicine 

LIST  OF  1984  GRADUATE  STUDENT  PARTICIPANTS  (continued): 


NAME/ADDRESS 


Jennifer  Davidson 
University  of  Florida 
Department  of  Mathematics 
Gainesville,  FL  32611 
(904)  392-0281 


DEGREE,  SPECIALTY, 

LABORATORY  ASSIOJED 

Degree:  B.A. ,  Physics, 

1979 

Specialty:  Applied  Mathematics 
Assigned:  Armament  Division 


Timothy  Downes 

North  Dakota  State  University 
Dept,  of  Mathematical  Sciences 
West  Fargo,  ND  58078 
(701)  282-8519 


Degree:  M.B.A. ,  Finance  Marketing. 

1978 

Specialty:  Computer 

Assigned:  Science/Operations  Research 
Logistics  Command 


Jon  Ebert 

University  of  Oklahoma 
Aerospace,  Mech. ,  &  Nuclear  Eng. 
Norman,  OK  73019 
(405)  325-5011 


Degree:  M.S.,  Mechanical  Eng. , 

1984 

Specialty:  Computational  Fluid  Dynam. 
Assigned:  Aero  Propulsion  Laboratory 


James  Farmer 
University  of  Vermont 
Mechanical  Engineering  Dept. 
Burlington,  VT  05405 
(802)  656-3800 


Degree:  B.S.,  Mechanical  Eng., 

1983 

Specialty:  Thermal  Sciences 
Assigned:  Materials  Laboratory 


Mark  Ferrel 

Kansas  state  university 
Nuclear  Engineering  Department 
Manhattan,  KS  66502 
(913)  776-1393 


Degree:  B.S.,  Physics, 

1983 

Specialty:  Nuclear  Engineering 
Assigned:  F.J.  Seiler  Research  Lab 


John  Flach 

The  Ohio  State  University 
Psychology  Department 
Columbus,  OH  43210 
(614)  422-4131 


Degree:  M.A. ,  Psychology, 

1978 

Specialty:  Hunan  Performance  Theory 
Assigned:  Aerospace  Medical  Rsch.  Lab, 


Paul  Gader 

University  of  Florida 
Department  of  Mathematics 
Gainesville,  FL  32611 
(904)  392-0281 


Degree:  M.S.,  Mathematics, 

1983 

Specialty:  Applied  Mathematics 
Assigned:  Armament  Division 


Carolyn  Green 
Wayne  State  university 
School  of  Medicine 
Detroit,  MI  48202 
(313)  577-5115 


Degree:  3.A.,  Biochem.  &  Biology, 

1982 

Specialty:  Medicine,  Physiology 
Assigned:  USAF  School  of  Aerospace 
Medicine 


LIST  OP  1984  GRADUATE  STUDENT  PARTICIPANTS  (continued) 


NAME/ADDRESS 


DEGREE,  SPECIALTY, 
LABORATORY  ASSIGNED 


Bruce  Harmon 

University  of  Cincinnati 
Department  of  Economics 
Cincinnati,  OH  45263 
(513)  475-4241 


Degree:  B.S. ,  Economics, 

1980 

Specialty:  Economics 

Assigned:  Business  Rsch.  Mgmt.  Center 


Thomas  Hayward 
University  of  Wyoming 
Dept,  of  Physics  &  Astronomy 
Laramie,  WY  82071 
(307)  766-6150 

Ron  Hightower 

Kansas  State  university 

Dept,  of  Electrical  Engineering 

Manhattan,  KS  66506 

(913)  532-5600 

Joseph  Hjelm 
Wright  State  University 
School  of  Engineering 
Dayton,  OH  45435 
(513)  873-2403 

Arthur  Hogan 

University  of  Alabama 

Dept,  of  Biomath.  &  Biostatistics 

Birmingham,  AL  35294 

(205)  934-4905 

Thomas  Hopp 

Northwestern  university 
Dept,  of  Mech.  &  Nuclear  Eng. 
Evanston,  il  60201 
(312)  492-7470 

Robert  Hoskin 

Purdue  University 

Mechanical  Engineering  Department 

W.  Lafayette,  IN  47906 

(317)  743-6558 


Degree:  B.S.,  Physics  &  Astroncny, 

1983 

Specialty:  Infrared  Astronomy 
Assigned:  Geophysics  Laboratory 


Degree:  B.S.,  Electrical  Eng., 

1983 

Specialty:  Electrical  Engineering 
Assigned:  Weapons  Laboratory 


Degree:  3.S.,  Materials  Sci.  &  Eng. 

1984 

Specialty:  Metal  processing 
Assigned:  Materials  Laboratory 


M.S.,  Biology, 

1979 

Applied  stat.  &  Mathematics 
USAF  School  of  Aerospace 
Medicine 

Degree:  B.S.,  Mechanical  Eng., 

1982 

Specialty:  Control  Systems  Engineering 
Assigned:  Plight  Dynamics  Laboratory 


Degree:  B.S.,  Mechanical  Eng., 

1983 

Specialty:  Control  Systems 
Assigned:  Aero  Propulsion  Laboratory 


Degree: 

Specialty: 

Assigned: 


George  Howard,  Jr. 

Meharry  Medical  College 
Div.  of  Biomedical  Sciences 
Nashville,  in  37208 
(615)  327-6212 


Degree:  B.A. ,  zoology, 

1977 

Specialty:  Biochemical  Toxicology 
Assigned:  USAF  School  of  Aerospace 
Medicine 


LIST  OF  1984  GRADUATE  STUDENT  PARTICIPANTS  (continued) 


NAME/ADDRESS 


Eric  Liveranoe 
Yale  university 
Department  of  Mathematics 
New  Haven,  CT  06520 
(203)  436-1642 

Steven  Lottes 
University  of  Illinois 
Department  of  Mechanical  Eng. 
Naperville,  IL  60540 
(312)  420-7610 

James  Lyne 

Vanderbilt  University 
School  of  Medicine 
Nashville,  TN  37203 
(615)  322-6109 

Duncan  MacFarlane 
Brown  university 
Electrical  Engineering  Dept, 
providence,  RE  02912 
(401)  273-4857 

John  McKelvey 
Wright  state  university 
School  of  Engineering 
Dayton,  OH  45435 
(513)  873-2403 

Steven  Miller 

Washington  State  University 
Dept,  of  Civil  &  Eviron.  Big. 
Pullman,  WA  99164 
(509)  335-2576 

Margarita  Miro-Julia 
University  of  Cincinnati 
physics  Department 
Cincinnati,  OH  45221 
(513)  475-6912 

Paul  Nichols 
The  university  of  Iowa 
College  of  Education 
Iowa  City,  IA  52242 
(319)  353-6703 


DEGREE,  SPECIALTY, 
LABORATORY  ASSISTED 


Degree: 


Degree: 


B.A.,  Mathematics, 

1983 

rj  Galois  &  Number  Theory 
Plight  Dynamics  Laboratory 


M.S.,  Computer  Science, 
1973 

Combustion  Modeling 
Aero  Propulsion  Laboratory 


M.S.,  Engineering  Physics, 
1982 

Medicine 

Arnold  Engineering 
Development  Center 


Degree:  B.S.,  Electrical  Eng., 

1984 

Specialty:  Quantum  Electronics 
Assigned:  Geophysics  Laboratory 


Degree: 


S.S.,  Materials  Sci.  «  Eng., 
1984 

Metal  Processing 
Materials  Laboratory 


B.S.,  Civil  Engineering, 
1984 

r:  Structures 
r  weapons  Laboratory 


Degree:  M.S.,  Physics, 

1984 

Specialty:  Many  Body  Theory 
Assigned?  Aero  Propulsion  Laboratory 


Degree;  B.S.,  Psychology, 

1983 

Special ty:  Information  Theories  of 
Learning 

Assigned:  Human  Resources  Laboratory 


LIST  OF  1984  GRADUATE  STUDENT  PARTICIWWTS  (continued) 


NAME/ADDRESS 

DEGREE,  SPECIALTY, 

LABORATORY  ASSIGNED 

William  Rabinovich 

Brown  University 

Department  of  physics 

Degree:  B.S.,  Physics, 

1982 

Specialty:  Ouantun  Optics 

Providence  of  RI  02912 
(401)  863-3078 

Assigned:  Geophysics  Laboratory 

John  Ramsey 

The  Ohio  State  university 

Aero.  &  Astro.  Engineering  Dept. 
Colunbus,  OH  43210 
(614)  422-2691 

Degree:  B.S.,  Aeronautical  & 

Astronautical  Eng.,  1982 
Specialty:  Structures 

Assigned:  Aero  propulsion  Laboratory 

Christopher  Reed 

Degree:  M.S. ,  Engineering  Science, 

university  of  Florida 

Dept,  of  Engineering  Sciences 
Gainesville,  FL  32211 
(904)  392-0961 

1984 

Specialty:  Aerodynamics 

Assigned:  Armament  Division 

Joseph  Rencis 

Case  Western  Reserve  University 
Civil  Engineering  Department 

Degree:  B.S.,  Applied  Mathematics, 

1983 

Specialty:  Fluid  Mechanics 

Cleveland,  OH  44106 
(216)  368-2952 

Assigned:  Armament  Division 

Lila  Roberts 

Old  Dominion  University 

Department  of  Mathematics 

Degree:  3.S.,  Mathematics, 

1977 

Specialty:  Numerical  Analysis 

Norfolk,  VA  23508 
(804)  440-3882 

Assigned:  Avionics  Laboratory 

Karlin  Roth 

University  of  Florida 

Department  of  Eng.  Science 

Degree:  B.S. ,  Applied  Mathematics, 

1983 

Specialty:  Fluid  Mechanics 

Gainesville,  FL  32611 
(904)  392-0961 

Assigned:  Armament  Division 

Debra  Rotto 

Texas  Lutheran  College 

Department  of  Biology 

Seguin,  TX  78155 
(512)  379-4161 

Degree:  B.S.,  Biology, 

1983 

Specialty:  Cardiovascular  Physiology 
Assigned:  USAF  School  of  Aerospace 
Medicine 

Diane  Rotto 

Texas  Lutheran  College 

Department  of  Biology 

Seguin,  TX  78155 
(512)  379-4161 

Degree:  B.S.,  Biology, 

1983 

Specialty:  Cardiovascular  Physiology 
Assigned:  USAF  School  of  Aerospace 
Medicine 

LIST  CP  1984  GRADUATE  STUDENT  PARTICIPANTS  (continued) 


NAME/ADDRESS 


Christine  Ruben 
Texas  Southern  university 
Biology  Department 
Houston,  TX  77061 
(713)  527-7005 

Carlos  Sanchez-Castro 
Michigan  State  university 
Physics  Department 
East  Lansing,  MI  48825 
(517)  355-3877 

Randall  Schadt 
University  of  Missouri 
Physics  Department 
RDlla,  MO  65401 
(314)  341-4780 

Joshua  Smith 
University  of  Vermont 
Mechanical  Eng.  Department 
Burlington,  VT  05405 
(802)  656-3800 

Joseph  Solomon 
University  of  Connecticut 
Department  of  psychology 
Storrs,  CT  06268 
(203)  486-2337 

Lori  Streit 

Arizona  State  university 
Department  of  Chemistry 
Tenpe,  AZ  85287 
(602)  965-3461 

Russell  Thomas 
Kansas  State  University 
Department  of  Electrical  Eng. 
Manhattan,  RS  66502 
(913)  539-3700 

Terry  Thompson 
Meharry  Medical  College 
Department  of  Pharmacology 
Nashville,  TN  37208 
(615)  327-6979 


DEGREE,  SPECIALTY, 
LABORATORY  ASSIGNED 


Degree: 


Degree: 


B.S.,  Biology, 

1980 

Lhdecided 

Aerospace  Medical  Research 
Laboratory 

M.S.,  Physics, 

1983 

Solid  &  Nuclear  Physics 
Flight  Dynamics  Laboratory 


B.S. ,  Physics, 

1982 

Solid  State  Physics 
Aero  propulsion  Laboratory 


B.S. ,  Mechanical  Eng., 
1983 

rt  Materials  Processing 
r  Materials  Laboratory 


M.A. ,  Psychology, 

1980 

Visual  Perception 
Aerospace  Medical  Research 
Laboratory 

B.S.,  Chemistry, 

1983 

Analytical  Chemistry 
USAF  School  of  Aerospace 
Medicine 

B.S. ,  Electrical  Eng., 

1983 

Network  Modeling  &  Analysis 
weapons  Laboratory 


Degree:  B.S.,  Chemistry/Biology, 

1979 

Specialty:  Neurotransmitter  Regulation 
Assigned:  USAF  School  of  Aerospace 
Medicine 
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LIST  OF  1984  GRADUATE  STUDENT  PARTICIPWTS  (continued) 


NAME/ADDRESS 

DEGREE,  SPECIALTY, 

LABORATORY  ASSIGNS) 

Eric  Utt 

university  of  Central  Florida 
Dept,  of  Biological  Sciences 
Orlando,  FL  32816 
(305)  275-2141 

Degree:  B.S.,  Microbiology. 

1984 

Specialty:  Microbiology/Biotechnoloqv 
Assigned:  USAF  School  of  Aerosoaoe 
Medicine 

Donald  Varvel 

North  Dakota  State  University 
Div.  of  Mathematical  Sciences 
Fargo,  ND  58105 
(701)  777-3460 

Degree:  B.S. ,  Computer  Science, 

1978 

Specialty:  Database  Systems 

Assigned:  Electronics  Systems  Div. 

Peggy  Vaughn 

Alabama  ASM  university 
Deptartment  of  Psychology 

Normal,  AL  35762 
(205)  859-7336 

Degree:  B.S.,  Psychology, 

1982 

Specialty:  Clinical  Psychology 
Assigned:  Leadership  &  Management 
Development  Center 

Kevin  Verfaille 

University  of  Vermont 

Department  of  Electrical  Eng. 
Burlington,  VT  05405 
(802)  656-3330 

Degree:  B.S.,  Electrical  Ena., 

1981 

Specialty:  Signal  Processing 

Assigned:  Rome  Air  Development  Ctr. 

Michael  Wager 
university  of  Dayton 

Engineering  Department 

Dayton,  OH  45469 
(513)  229-2311 

Degree:  B.S.,  Physics, 

1983 

Specialty:  Electro-Optics 

Assigned:  Materials  Laboratory 

Ronald  Was aerate in 

Kansas  State  university 
Department  of  Statistics 
Manhattan,  KS  66502 
(913)  532-6883 

Degree:  M.S.,  Statistics, 

1983 

Specialty:  Regression  Analysis 
Assigned:  USAF  School  of  Aerospace 
Medicine 

Kenneth  Wauchope 

Tulane  University 

Department  of  Computer  Science 
New  Orleans,  LA  70118 
(504)  865-5100 

Degree:  B.A.,  Speech, 

1971 

Specialty:  Artifical  Intelligence 
Assigned:  Human  Resources  Laboratory 

Dennis  Weatherby 

University  of  Dayton 

Chemical  Engineering  Department 
Dayton,  OH  45469 
(513)  229-2627 

Degree:  B.S.,  Chemistry, 

1982 

Specialty:  Polymer  Science 

Assigned:  Materials  Laboratory 

I 


LIST  OF  1984  GRADUATE  STUDENT  PARTICIPANTS  (continued) 


NAME/ADOPESS 

DEGREE,  SPECIALTY, 

LABORATORY  ASSIGNED 

Paul  Wetzel 

University  of  Illinois 

Department  of  Bioengineering 
Chicago,  IL  60680 
(312)  787-9346 

Degree:  M.S.,  Bioengineering, 

1979 

Specialty:  Oculomotor  Control 
Assigned:  Hunan  Resources  Laboratory 

Kevin  White 

University  of  Oklahoma 

Mechanical  Engineering  Dept. 
Norman,  OK  73069 
(405)  325-5011 

Degree:  B.S., Mechanical  Eng., 

1979 

Specialty:  Solid  Mechanics 

Assigned:  Materials  Laboratory 

Kurt  Ziegler 

Kansas  State  university 

Department  of  Electrical  Eng. 
Manhattan,  KS  66502 
(913)  532-5600 

Degree:  B.S.,  Electrical  Eng., 

1984 

Specialty:  Computer  Science 

Assigned:  weapons  Laboratory 

Kevin  Zook 

Kansas  State  university 

Department  of  Nuclear  Engineering 
Manhattan,  KS  66502 
(913)  776-0438 

Degree:  B.S.,  Nuclear  Engineering, 

1984 

Specialty:  Laser  Research 

Assigned:  P.J.  Seiler  Research 
laboratory 

PARTICIPANT  LABORATORY  ASSK9M3NT 


1984  USAP/SCEEE  GRADUATE  STUDENT  SUMER  RESEARCH  PROGRAM 


AEROPRQPULSIQN  LABORATORY 

(Wright-patterson  Air  Force  Base) 

1.  Jay  Ambrose 

2.  Robert  Cheney 

3.  Jon  Ebert 

4.  Robert  Boskin 

5.  Stephen  Lottes 

6.  Margarita  Miro-Julia 

7.  Jon  Philips 

8.  Jon  Ramsey 

9.  Randall  Schadt 

AEROSPACE  MEDICAL  RESEARCH  LABORATORY 
(Wright-patterson  Air  Force  Base) 

1.  John  Flach 

2.  David  Patterson 

3.  Christine  Rubai 

4.  Joseph  Solomon 

AFNOID  ENGINEERING  DEVELOPMENT  CENTER 

(Arnold  Air  Force  Station) 

1.  James  Lyne 

2.  Michael  Patterson 

ARMAMENT  DIVISION 

(Eglin  Air  Force  Base) 

1.  Jennifer  Davidson 

2.  Paul  Gader 

3.  Raymond  pat in 

4.  Christopher  Reed 

5.  Karlin  Roth 

AVIONICS  LABORATORY 

(Wright-patterson  Air  Force  Base) 

1.  David  Norton 

2.  Lila  Roberts 

BUSINESS  RESEARCH  MANAGEMENT  CENTER 
(Wright  Patterson  Air  Force  Base) 
1.  Bruce  Harmon 

ELECTRONICS  SYSTEMS  DIVISION 

(Hansoom  Air  Force  Base) 

1.  Donald  varvell 

ENGINEERING  AND  SERVICES  CENTER 

(Tyndall  Air  Force  Base) 

1.  Susan  Cheney 


Washington  state  University 
University  of  Missouri 
university  of  Oklahoma 
Purdue  University 
university  of  Illinois 
University  of  Cincinnati 
Washington  State  University 
Ohio  State  University 
university  of  Missouri 


Ohio  State  university 
University  of  Oklahoma 
Texas  Southern  university 
University  of  Connecticut 


Vanderbilt  university 
Georgia  Institute  of  Technology 


university  of  Florida 
University  of  Florida 
Louisiana  state  University 
university  of  Florida 
university  of  Florida 


Louisiana  State  University 
Old  Dominion  university 


Uhiversity  of  Cincinnati 


North  Dakota  State  University 


Ohio  State  University 
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PARTICIPANT  LABORATORY  ASSIOtOW  (continued) 


PLIGHT  DYNAMICS  LABORATORY 
(Wright-Patterson  Air  Force 

1.  Vicki  Atkins 

2.  Joseph  Badalamenti 

3.  Thomas  Hopp 

4.  Eric  Liveranoe 

5.  Joseph  Rencis 

6.  Carlos  Sanchez-Castro 


FRANK  J.  SEILER  RESEARCH  LABORATORY 
(United  States  Air  Force  Academy) 

1.  Mark  Ferrel 

2.  Kevin  Zook 

GEOPHYSICS  LABORATORY 

(Hansoom  Air  Force  Base) 

1 .  Anton  Ahrens 

2.  Thomas  Hayward 

3.  Barry  Lemieux 

4.  Duncan  MacFarlane 

5.  William  Rabinovich 

HUMAN  RESOURCES  LABORATORY 
(Brook"  Air  Force  Base) 

1 .  Michael  Coovert 

2.  Paul  Nichols 

HUMAN  RESOURCES  LABORATORY 
(lowty  Air  Force  Base) 

1 .  John  Kreuter 

2.  Kenneth  Wauchope 

HUMAN  RESOURCES  LABORATORY 
(Williams  Air  Force  Base) 

1.  Marc  Hunter 

2.  Paul  Wetzel 


University  of  Kentucky 
university  of  Dayton 
Northwestern  university 
Yale  university 
Case  Western  Reserve  Univ. 
Michigan  State  University 


Kansas  State  university 
Kansas  State  university 


university  of  Kansas 
University  of  Wyoming 
University  of  Lowell 
Brown  university 
Brown  university 


Ohio  State  University 
University  of  Iowa 


Tulane  University 
Tulane  university 


Southern  Illinois  University 
university  of  Illinois 


LEADERSHIP  &  MANAGEMENT  DEVELOPMENT  CENTER 
(Maxwell  Air  Force  Base) 


1 .  Jan  Brooks 

2.  Joseph  Kager 

3.  Peggy  Vaughn 

LOGISTICS  COMMAND 

(Wright-Patterson  Air  Force  Base) 
1 ,  Timothy  Downes 


University  of  Alabama 
Auburn  University 
Alabama  A&M  university 


North  Dakota  State  University 


PARTICIPANT  LABORATORY  ASSKVMBIT  (continued) 


MATERIALS  LABORATORY 

(Wright-Patterson  Air  Force  Base) 

1.  Philip  Bloeser 

2.  Donna  Brandelik 

3.  Howard  Brown 

4.  James  Farmer 

5.  Joseph  Hjelm 

6.  John  McKelvey 

7.  Debra  Picklesimer 

8.  Joshua  Smith 

9.  Michael  wager 

10.  Dennis  Vteatherby 

1 1 .  Kevin  White 

ROME  AIR  DEVELOPMENT  CENTER 
(Griff iss  Air  Force  Base) 

1 .  David  Bauer 

2.  Kevin  Verfaille 

3.  Nancy  Kirkwood 

4.  Guy  Klose 

5.  Benjamin  Pruitt 

USAF  SCHOOL  OF  AEROSPACE  MEDICINE 
(Brooks  Air  Force  Base) 

1 .  Scott  Bischoff 

2.  William  Czelen 

3.  Carolyn  Green 

4.  Arthur  Hogan 

5.  George  Howard 

6.  John  Kayser 

7.  Edouard  Noisin 

8.  Debra  Rotto 

9.  Diane  Rotto 

10.  Lori  Streit 

11.  Terry  Thompson 

12.  Eric  Utt 

13.  Ronald  Was se rate in 


WEAPONS  LABORATORY 

(Kirtland  Air  Force  Base) 

1 .  Robert  Bigelis 

2.  Frederick  Breslin 

3.  Ron  Hightower 

4.  Michael  Lange 

5.  Steven  Miller 

6.  Russell  Thomas 

7.  Kurt  Ziegler 


Wright  State  University 
Wright  State  University 
Ohio  State  University 
university  of  Vermont 
Wright  State  university 
Wright  State  University 
Wright  State  University 
University  of  Vermont 
University  of  Dayton 
University  of  Dayton 
University  of  Oklahoma 


California  State  university 
University  of  Vermont 
Colorado  State  University 
University  of  Vermont 
University  of  Kentucky 


Texas  Lutheran  College 
Wright  State  University 
Wayne  State  University 
University  of  Alabama 
Meharry  Medical  College 
Ohio  State  University 
Meharry  Medical  College 
Tewas  Lutheran  College 
Texas  Lutheran  College 
Arizona  state  university 
Meharry  Medical  College 
university  of  Central  Florida 
Kansas  State  university 


Washington  State  University 
University  of  New  Mexico 
Kansas  State  University 
University  of  New  Mexico 
Washington  State  University 
Kansas  State  University 
Kansas  State  University 


RESEARCH  REPORTS 


1984  GRADUATE  STUDENT  SUMMER  RESEARCH  PROGRAM 

Technical 

Report 

Number  Title  Graduate  Researcher 

Volume  I 

1  Effects  of  Temperature  and  Anton  F.  Ahrens 

Reactant  Solvation  Upon  the 

Rates  of  Gas-phase  Ion-Molecule 
Reactions 

2  Boiling  Heat  Transfer  in  Heat  Jay  Ambrose 

Pipe  Evaporator 

3  Development  of  a  Method  for  Vicki  Atkins 

Constructing  the  Observer  Matrix 

for  Large  Order  Systems 

4  Improvements  in  Tire/Soil  Joseph  Badalamenti 

Modeling  Techniques 

5  Computer  implementation  of  David  C.  Bauer 

Nonparameteric  Radar  Detectors 

6  Research  into  the  Development  of  Robert  L.  Bigelis 
a  Structure-Media  Interaction 

for  Dynamic  Finite  Element 
Analysis 

7  Phospholipid  Metabolism  in  a  Scott  B.  Bischoff 

Synaptic  Membrane  Preparation 

Isolated  from  Cerebellar  Cortex 

8  Aging  Behavior  of  Rapidly  Philip  E.  Blosser 

Solidified  Ti-Co  and  Ti-Cr-Al 

Alloys 

9  New  Phenoxy  Substituted  Donna  Brandelik 

Dianhydrides 

10  Stochastic  Behavior  of  Random  Frederick  C.  Breslin 

Lay  Cables 

1 1  The  USAF  Organizational  Jan  Leeman  Brooks 

Assessment  Package:  Four 

Critical  Decisions 

1 2  The  Uniqueness  of  Phase  Howard  W.  Brown 

Retrieval  from  Intensity 

Measurements 


Technical 

Report 

Number  Title  Graduate  Researcher 

13  Infrared  Measurements  of  Robert  P.  Cheney 

Oisilane  Production  From  a 

A.D.C.  Discharge  in  silane 

14  Finite  Element  Modeling  of  Susan  M.  Cheney 

a  Hall  under  Blast  Loads 

15  Analysis  of  the  J-79,  J-57,  Michael  D.  Coovert 

and  TF-33  Job  Analysis  Quest¬ 
ionnaire  Assessing  Task 

Difficulty 

16  The  Physiologic  William  E.  Czelen 

Characterization,  Prediction, 

and  Biofeedback  Treatment 
of  Motion  Sickness 

17  An  Algorithm  for  Segmenting  Jennifer  Davidson 

Flir  imagery  Containing 

Bridges 

1 8  Computer-Based  Optimization  Timothy  R.  Downes 

Algorithm  for  LOGAIR  Cargo 

Allocation 

19  Calculation  of  Enhanced  Jon  L.  Ebert 

Heating  in  Turbulent  Boundary 

Layers  Influenced  by  Free 
Stream  Turbulence 

20  Multiple  Turbine  Disk  James  R.  Farmer 

Simulation  Using  Alpid 

21  The  Effects  of  Nuclear  Mark  A.  Ferrel 

Radiation  on  the  Optical 
Characteristics  of  (Si02~ 

Zr02  on  si  Substrate) 

Mirrors 

22  The  Effects  of  psychophysical  John  M.  Flach 

Matching  on  the  Transfer  of 

Training  Between  Alternative 
Motion  Simulators 

23  An  Algorithm  for  Segmenting  Paul  Gader 

Flir  Imagery  Containing 

Bridges 


Technical 

Report 

Number 

Title 

Graduate  Researcher 

24 

Neurotransmitter  Systems  in 
the  Cerebellar  Glomerulus: 
Analysis  of  Gaba  Uptake, 
Exchange,  and  Release 

Carolyn  L.  Green 

25 

A  Dynamic  Approach  to  Airframe 
Cost  Estimation 

Bruce  Harmon 

26 

A  Readout  Electronics  Design 
for  an  Infrared  Array 

Thomas  L .  Hayward 

27 

The  Factor  Analysis 

Methodology  Applied  to  Moe 
Categorization  and  Evaluation 

Ron  R.  Hightower 

28 

The  "Processing  Window"  for 
the  Near  Beta  Ti-1 0V-2Fe-3A1 
Alloy 

Joseph  M.  Hjelm 

29 

Vehicle  and  Crew  Scheduling 
in  Airlift  operations 

Arthur  M.B.  Hogan 

30 

A  Design  for  Minimum  Eigenvalue 
Sensitivity  Subject  to  Selected 
Modal  Insensitivity 

Thomas  Hopp 

31 

Digital  LQR  Design  for  Advanced 
Tactical  Aircraf t-Stol  Approach 

Robert  F.  Hoskin 

32 

The  Role  of  Antioxidant 
Nutrients  in  Preventing 
Hyperbaric  Oxygen  Damage 
to  the  Retina 

George  Howard,  Jr. 

33 

The  Distributional  Analysis 
of  Contrast  Sensitivity 

Measures 

Marc  W.  Hunter 

34 

individual  and  Group  Dynamics: 

A  Consideration  of  Climate, 

Task  Design,  and  Combat 
Readiness  Factors  of  the 

OAP/OAS 

Joseph  F.  Kager 

35 

Experimental  Analysis  of 
Pressure  Swing  Adsorption 

John  C.  Kayser 
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Technical 

Report 

Number 

Title 

Graduate  Researcher 

36 

Tackling  The  I/O  Bottleneck 

Nancy  K.  Kirkwood 

37 

A  Range  Update  Algorithm  for 
the  Data  Handling/Recording 
System 

Guy  F.  Klose 

38 

Pattern  Matching  Algorithms 
in  ADA 

John  Kreuter 

39 

Optical  Thin  Film  Coating 

Damage  Via  Pulsed  Lasers 

Michael  R.  Lange 

40 

Reprocessing  of  Barnes 
Transmissometer  Data 

Barry  R.  Lemieux 

41 

A  Computer  Search  for  Mi i 
as  a  Galois  Group  Over  Q 

Eric  E.  Liverance 

Volume  II 

42 

Dynamic  Flow  Structures  in  a 
Bluff-Body  Combustor 

Steven  A.  Lottes 

43 

Thermal  Mapping  Data  Reduction 
in  Non-Semi-Infinite  Solid 
Regions  of  Wind  Tunnel  Models 

James  E.  Lyne 

44 

Optical  Bistability  with 

Liquid  Media:  Experimental 
Studies  and  Theoretical 
Predictions 

Duncan  L.  MacFarlane 

45 

The  "Processing  Window"  for 
the  Near  Beta  Ti-1 0V-2Fe-3A1 
Alloy 

John  K.  McKelvey 

46 

Incorporating  the  Matrix 
Difference  Equation  Theory 
into  the  Samson2  Dynamic 

Finite  Element  Computer  Code 

Steven  S.  Miller 

47 

Calculation  of  Correlation 
Function  and  Self-Energy 
Contribution  for  Non-Diagonal 
Response  Functions 

Margarita  Miro-Julia 

48 


Individual  Differences  in 
Spatial  Ability:  The  Roles 
of  Practice  and  Synthesis 


Paul  D.  Nichols 


Technical 

Report 

Number 

Title 

Graduate  Researcher 

49 

Acetylcholine  as  a 
Neurotransmitter  in  Purified 
Bovine  Glomerulus  Particles 

Edouard  L.  Noisin 

50 

Semi-Insulating  GaAs 
Chromium-Doped  Buffer  Layers 

David  P.  Norton 

51 

An  Elementary  Model  of  the 
Interior  Ballistics  of  a  Two- 
Stage  Light  Gas  Gun 

Raymond  M.  Pat in 

52 

Evaluation  of  Training 
Performance  for  the  USAF 
Criterion  Task  Set  (CTS) 

David  W.  Patterson 

53 

The  Function  of  Human 

Operators  in  the  Control 
Facilities  of  Wind  Tunnel  4T 

Michael  Patterson 

54 

The  Effective  Conductivity 
of  Layered  Cloth  Heat  Pipe 
Wicks 

Jon  R.  Phillips 

55 

Synthesis  of  Acetylene 
Terminated  (ATS)  Candidates 

Debra  K.  Picklesimer 

56 

Dye  Laser  System  Development 
and  Beam  Data  Acquisition 
Methods 

Benjamin  Pruitt 

57 

Optical  Bistability  with 

Liquid  Media:  Experimental 
Studies  and  Theoretical 
Predictions: 

William  S.  Rabinovich 

58 

Normal  Modes  Analysis  of  a 
12-Bladed  Disk  Using  the 
Substructuring  Technique  of 
Nastran 

John  K .  Ramsey 

59 

Application  of  the  Thin  Layer 
Navier  Stokes  Code 

Christopher  W.  Reed 

60 

Three  Dimensional  Finite 
Element  Acoustic  Analysis 

Joseph  J.  Rencis 

61 


An  Optimal  Trajectory  Problem 


Lila  F.  Roberts 


Technical 

Report 

Number 


Title 

An  Evaluation  of  a  Parabolized 
Navier-Stokes  Code  for  Three- 
Dimensional  Flared  Geometries 

Cardiovascular  Responses  of 
High-  and  Low-Fit  Men  to  Head- 
Down  Rest  Followed  by 
Orthostasis  and  Exercise 

Cardiovascular  Responses  of 
High-  and  Low-Fit  Men  to  Head- 
Down  Rest  Followed  by 
Orthostasis  and  Exercise 


Graduate  Researcher 
Karlin  R.  Roth 


Debra  K.  Rotto 


Diane  M.  Rotto 


(/v-lKl mr-. 


The  Role  of  the  Periosteum  in 
Bone  Demineralization 

Simulation  of  Lightning 
Striking  a  C-580  Aircraft 

Infrared  Absorption  Measurements 
of  the  V4  Band  of  Silane  in  a 
Heated  Cell 

Characterization  of  6061 
Aluminum  During  Hot  Deformation 
with  Emphasis  on  Identification 
of  Optimum  Processing  Parameters 

Kinematics  of  the  visual  Flow 
Field 

Method  validation  to  Detect 
Chemical  Warfare  Agent  Simulants 

Computer  Network  Measures 
of  Effectiveness 

The  Effect  of  Soman  on  Rat 
Brain  Levels  of 
Acetylcholinesterase  and 
Choline  Acteyitransferase 

Bacteriologic  Techniques  for 
the  Isolation  and  Identification 
of  Legionellae 


Christine  J.  Ruben 


Carlos  Sanchez-Castro 


Randall  J.  Schadt 


Joshua  W.  Smith 


Joseph  Solomon 


Lori  A.  Streit 


Russell  D.  Thomas 


Terry  L.  Thompson 


Eric  A.  Utt 
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Technical 

Report 

Number  Title  Graduate  Researcher 

74  Future  Tactical  Air  Control  Donald  A.  Varvel 

System  Database  Design 

75  Expanded  Content  Domains  for  Peggy  J.  Vaughn 

the  Air  Force  Spouse  Survey 

76  Median  Filter  Enhancement  Kevin  J.  ver faille 

for  Computer  Recognition 

77  Raman  Spectroscopy  Studies  Michael  Wager 

of  Extrinsic  P-Type  Silicon 

78  Tactical-Surge  Sortie  Ronald  L.  Wasserstein 

Simulation  Using  OGERT 

79  Pattern-Directed  List  Kenneth  Wauchope 

Processing  in  Ada 

80  Thermal  Stability  Dennis  w.  Weatherby 

Characteristics  of 

S ilahydrocarbons 

81  Coordinated  Head  and  Eye  Paul  A.  Wetzel 

Movement  Position 

Measurement  in  a  Visual 
Flight  Simulator 

82  Acoustic  Emission  in  Kevin  M.  White 

Composites 

83  A  Delphi  Methodology  for  Kurt  Ziegler 

Identifying  and  Prioritizing 
Network  MOEs 

The  Effects  of  Nuclear 
Radiation  on  the  Optical 
Characteristics  of  Poly- 
Methyl  Methacrylate  (PMMA) 


84 


Kevin  D.  Zook 


1964  UBAF-SCSSS  OUDOATS  STUMOR  SUMS  SUPPORT  PROGUM 
Sponsored  by  the 

ah  roses  optics  or  scientific  usuaai 

Conduoted  by  the 

soonBASTsm  cans  rot  elsctucal  nozusuMG  education 

WUL  BSPOBT 

ETFSCTS  Of  TBMPEEATUSE  AMD  1IACTAT  SOLVATION  UPON 
THE  UTSS  Of  OAS-PHASS  ION-MOLECULE  REACTIONS 


Prepared  by: 


Anton  P.  Alrena 
and  Peter  M.  Hlerl 


Academic  Rank:  (A.F.A.)  Graduate  Student 

(P.M.H.)  Professor  (SFRP  Supervising 
'  Faculty  Member) 


Department  and 
University: 


Dspartment  of  Chemistry 
University  of  Kansas 


Research  Location:  Air  Force  Geophysics  Laboratory  (LID) 

Hansoom  Air  Force  Base,  Massachusetts 


USAF  Research:  Dr.  John  F.  Paulson 

Date:  September  8,1984 

F49620-82-C-0035 


Contract  No.: 


Anton  P.  Ahrens  and  Patar  H.  Hlarl 

ABSTRACT 

Tha  rata  constants  and  tha  produot  branching  ratloa  for  tha 
nuoleophlllc  dlspl aoaaant  reactions  of  CHjO“  and  0H“(H20)n  (where  n  - 
0,1,  or  2)  with  tha  methyl  halides,  and  for  tha  proton  transfer 
reactions  of  CH^0~  and  0H~(H20)n  with  aeetonltrlle  and  tha  hydrogen 
halides  have  bean  aeasured  In  tha  gaa  phase  over  tha  tasparatura  range 
200-500  K,  using  tha  APCtt.  aalaotad  ion  flow  tuba  (S IPT).  Tha  rata 
constants  of  tha  r  as  test  reactions  ware  found  to  be  vary  close  to  tha 
collision  rata.  Reaotant  solvation  was  found  to  decrease  tha  rates  of 
the  nucleophille  displacement  reactions,  noet  significantly  in  tha  case 
of  tha  least  exothermic  reactions,  But  was  found  to  have  little  effeot 
upon  tha  rates  at  the  proton  transfer  reactions.  Likewise,  Increased 
temperatures  decreased  slightly  tha  rates  of  tha  nuoleophlllo 
displacement  reactions  but  had  lass  affect  upon  tha  rates  of  tha  proton 


transfer  raaotions 
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Gas-phase  reactions  between  Iona  and  nautral  aolaoulaa  play  a 
significant  rola  In  ataospharlo  chemistry,  radiation  chemistry, 
coa bust Ion  chaalatry.  and  ohaaloal  proeaaaaa  occurring  In  laaara  and  In 
electrical  discharge*.  Moreover,  studies  of  lon-aoleoule  reactions  can 
provide  laportant  basic  dsts  on  the  energetics  and  nechanlsas  of  gas- 
phase  reactions  In  general,  as  well  as  provide  valuable  insight  into 
Ionic  reactions  occurring  in  solution.  Consequently,  gas-phase  ion 
aheaiatry  has  been  an  active  and  rapidly  growing  field  of  ohealcal 
research  for  the  past  several  decades.1 

An  laportant  recent  advance  in  this  field  has  been  the  developaent 
of  experiaental  techniques  by  which  selectively  solvated  Ions  can  be 
foraed  and  the  resulting  effect  of  solvation  upon  the  Ion's  reactivity 
can  be  studied.2  These  studies  have  been  aotivsted  both  by  the 
recognition  that  solvated  Ions  play  an  laportant  role  In  the  chaalatry 
of  the  lower  ionosphere,^  and  by  the  hope  that  such  studies  alght  help 
elucidate  the  nature  of  the  solvent  effects  which  often  dominate  the 

J  jl  c 

rates  of  Ionic  reactions  in  solution.  ’  • 3 

The  present  project  Is  primarily  concerned  with  investigating  the 
effects  of  solvation  and  of  teaperature  upon  the  reactivity  of  the 

hydroxide  anion,  0H“,  in  the  gas  phase.  Two  coaaon  types  of  ionic 

* 

reactions  were  chosen  for  this  study:  (1)  nucleophilic  displacement 


(Sg2)  reactions  between  hydrated  OH  and  the  aethyl  halides,  which  can 
be  represented  by  the  general  equation 


0H‘(H20)n  ♦  CH3Y  Y"(H20)b  ♦  CH3OH  ♦  (n-a)H20 


where  n  -  0,1,2,  or  3,  and  X  -  F,  Cl,  Br,  or  I;  and  (2>  proton  transfer 
reactions  between  hydrated  0H~  and  various  proton  donors,  Including  the 
hydrogen  halides, 

0H“(H20)n  ♦  HA  ->  A'(H20)b  ♦  (n>1  -a)H20.  (2) 

The  rate  constants  for  the  nucleophilic  displacement  reactions  of 
the  solvated  hydroxide  anion  with  CHjCl,  CH^Br ,  and  CH^I,  have  been 
measured  In  a  flowing  afterglow  at  room  temperature  by  Bohme  and 
ooworkers,2*5-7  who  also  measured  room  temperature  rate  constants  for  a 
number  of  proton  transfer  reactions  involving  0H"(H20)n.2*®’^  We  have 
measured,  using  the  AFGL  tandem  mass  spectrometer,  Integral  cross 
sections  and  product  branching  ratios  as  a  function  of  reactant 
translational  energy  (0.03  *  5  eV  center-of-mass)  for  the  reactions  of 
0H~(H20)0>lf2  with  CH3CI  and  CH^Br J 0 

II.  OBJECTIVES  Of  THE  RESEARCH  EFFORT 

The  objectives  of  this  project  were  to  investigate  the  following 
phenomena  for  the  reactions  described  in  Section  I: 

(1)  The  effect  of  solvation  (n  -  0,  1,  2,  or  3)  upon  the  rate 

constant  of  the  reaction. 

(2)  The  effect  of  temperature  upon  the  rate  constant. 

(3)  The  degree  to  which  the  product  anion  is  solvated  Q.e^, 

the  relative  abundances  of  the  various  possible  products 
Y“ ,  Y‘(H20),  etc.)  in  a  given  reaction. 

(4)  The  effect  of  reaction  exothermicity  (varied  by  changing 

the  Identity  of  the  halogen  atom  Y  or  A)  upon  each  of  the 

three  previously  listed  phenomena. 


v  v  \-\-  v  \.  •  ./■  • 
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III.  KPniHBffAL 

The  rate  constant  measurements  were  carried  out  using  the  AFGL 
Sleeted  Ion  Flow  Tube  (SIFT)  apparatus,  which  is  similar  to  that 
described  by  Adams  and  Smith,11  Briefly,  the  reactant  ions  are 
generated  in  a  high-pressure  ion  source,  mass-selected  by  a  quadrupole 
mass  filter,  and  then  injected  into  the  flow  tube  through  a  venturi- 
type  aspirator.  The  injected  ions  are  brought  into  thermal  equilibrium 
through  multiple  collisions  with  the  carrier  gas  (He  or  H2),  the 
temperature  of  which  can  be  varied  over  the  range  200K  -  500K.  The 
thermal ized  reactant  ions  are  then  carried  downstream  past  the  inlet 
where  the  neutral  reactant  is  admitted  at  a  measured  flow  rate.  Further 
downstream  ionic  reactants  and  products  are  mass  analyzed  by  a  second 
quadrupole  mass  spectrometer  and  are  detected  by  conventional  pulse 
counting  techniques. 

Data  for  a  particular  reaction  at  a  given  temperature  are  obtained 
for  a  number  N  (typically,  N  -  3—1 0)  of  replicate  runs  in  each  of  which 
the  intensity  of  the  reactant  ion  is  measured  at  eight  different  flow 
rates  of  the  neutral  reactant.  The  total  rate  constant  for  the 
selected  ion-molecule  reaction  is  determined  from  the  decrease  of  the 
reactant  ion  signal  as  a  function  of  the  neutral  reactant’s 
concentration. 

Calibration  of  the  neutral  reactant  flow  meter  showed  that  the 
actual  flow  rate  was  approximately  20%  less  than  that  indicated  by  the 
meter,  when  the  most  sensitive  scale  of  the  meter  was  used;  no  error 
was  found  on  the  other  2  scales.  Consequently,  rate  constants  reported 
here  for  those  experiments  in  which  the  flow  meter  was  operated  on  the 
most  sensitive  scale  have  been  multiplied  by  1.2  to  correct  for  the 
error  in  the  flow  measurement. 
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IT.  RESULTS  AMD  DISCUSSIOM 


A.  CALIBRATION  EXPERIMENTS 


To  test  the  accuracy  of  the  techniques  employed  In  this  experiment, 
rate  constants  were  measured  at  room  temperature  (298K)  for  several 
negative  ion-molecule  reactions  for  which  reliable  rate  constant 
measurements  have  been  reported  from  other  laboratories.  In  most 
cases,  calibration  reactions  were  chosen  which  involved  the  same 
neutral  reactants  to  be  studied  in  the  present  work.  Table  I  lists 
these  calibration  experiments  and  compares  the  present  results  with 
those  obtained  elsewhere. 


TABLE  1.  Rate  Constants  for  Calibration  Reactions  at  298K. 


Rate  Constant 

(10~10  cm^/molec-s) 

Reaction 

This  Work 

Other  Work 

(1) 

F~ 

+  HC1  ->  HF  +  Cl" 

15.6 

1 5.5a 

(2) 

F" 

♦  HBr  ->  HF  +  Br~ 

11.9 

1  2.4a 

(3) 

F“ 

♦  HI  ->  HF  ♦  1“ 

7.0 

1 0.1 a 

(4) 

F~ 

+  CH3CI  ->  CH3F  *  Cl" 

18.1 

8.0b 

18.0® 

19.0d 

(5) 

F~ 

♦  CH3Br  ->  CH3F  +  Br“ 

22.2 

6.0b 

12. 0d 

(6) 

F~ 

♦  CH3I  CH3F  ♦  I" 

23.4 

(7) 

OH 

"(H20)  +  C02  HCO3"  *  h2o 

8.3 

6® 

(8) 

OH" 

•(h2o)  ♦  so2  ->  hso3"  ♦  h2o 

18.1 

20e 

*  Reference  12 
b  Reference  13 


0  Reference  6 
d  Reference  14 


®  Reference  15 
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In  most  casea  the  present  results  agree  very  well  with  the 
previously  reported  rate  constants;  there  are,  however,  several 
noteworthy  exceptions.  First,  the  rate  constant  measured  for  Reaction 
(3)  is  about  30$  less  than  that  reported  by  Weishaar  £t  al.  12  it  is 
possible  that  this  discrepancy  is  caused  by  impurities  in  the  HI  used 
in  the  present  study,  and  analysis  of  this  HI  should  be  made.  Second, 
the  rate  constant  measured  for  Reaction  (4)  agrees  very  well  with  that 
obtained  by  Bohme  and  coworkers^* 1  **  from  a  flowing  afterglow 
experiment,  but  is  much  larger  than  the  value  obtained  by  Olmsted  and 
Brauman1 3  in  an  ion-cyclotron  resonance  (ICR)  experiment.  This 
discrepancy  raises  the  possibility  that  the  reactant  ions  in  an  ICR 
cell  do  not  achieve  true  thermal  equilibrium.  Third,  the  rate  constant 
measured  for  Reaction  (5)  is  considerably  larger  than  the  values 
previously  reported  by  either  Bohme11*  or  Olmsted  and  Brauman.1  ^ 
Although  the  discrepancy  with  the  ICR  result  might  be  rationalized  by 
the  failure  to  achieve  thermal  equilibrium  in  the  ICR  cell,  the 
discrepancy  with  Bohme's  flowing  afterglow  measurement  is  less  easy  to 
explain. 

B.  REACTIONS  OF  0H~(H20)n  WITH  THE  HYDROGEN  HALIDES,  METHYL 
HALIDES.  AID  ACETONITRILE 

The  major  portion  of  this  project  was  concerned  with  the 
temperature  dependence  of  the  rate  constants  and  product  branching 
ratios  for  the  reactions  of  the  solvated  anion  0H“(H20)n  with  the 
hydrogen  halides,  the  methyl  halides,  and  acetonitrile.  The  reactant 
systems  studied  and  the  number  of  temperatures  at  which  rate  constants 
were  measured  for  each  system  are  summarized  in  Table  2. 


Neutral 


Degree  of  Solvation 


Reactant 

n  ■  0 

n  •  1 

n  *  2 

n  -  3 

(9)  HF 

6 

6 

4 

3 

(10)  HC1 

5 

4 

4 

0 

(11)  HBr 

6 

8 

7 

3 

(12)  HI 

1 

1 

1 

1 

(13)  CH3F 

0 

4 

1 

0 

(14)  CH3Br 

5 

5 

7 

0 

(15)  CH3C1 

5 

4 

4 

0 

(16)  CH3CN 

0 

4 

1 

0 

*  Each  numerical  entry  in  this  table  indicates  the  number  of 

temperatures  in  the  range  200  -  500K  for  which  rate  constants 
were  measured  for  a  given  pair  of  reactants. 


Because  of  the  very  large  amount  of  data  collected  for  these 
reactions,  only  a  preliminary  analysis  has  been  performed  at  this  time. 
However,  some  representative  results  are  included  in  this  report. 

The  effect  of  stepwise  solvation  of  the  reactant  anion  OH-  upon  the 
rates  of  its  reactions  with  HBr  and  with  CH^Br  at  room  temperature  is 
illustrated  in  Figure  1.  Increasing  reactant  solvation  can  be  seen  to 
cause  only  a  slight  decrease  in  the  rate  constant  for  the  proton 
transfer  reaction  with  HBr.  By  contrast,  the  rate  of  the  nucleophilic 
displacement  reaction  with  CH^Br  is  reduced  by  a  factor  of  2  by  the 
addition  of  a  single  H20  molecule  to  the  OH-,  and  is  further  reduced  by 


a  factor  of  100  by  the  addition  of  a  second  H2O  molecule,  despite  the 
fact  that  formation  of  the  unsolvated  product  ion,  Br~,  is  still 
exothermic  by  more  than  14  kcal/mole  .  Qualitatively  similar  behavior 
is  also  observed  for  the  reactions  of  the  other  hydrogen  halides  and 
methyl  halides  with  hydrated  OH". 

The  effect  of  temperature  upon  the  rate  constants  for  the  reactions 
of  OH"  with  HBr  and  CH^Br  is  illustrated  in  Figure  2.  The  rate 
constant  for  the  proton  transfer  reaction  with  HBr  shows  little  or  no 
temperature  dependence  over  the  temperature  range  studied,  while  that 
for  the  nucleophilic  displacement  reaction  with  CHgBr  is  seen  to 
decrease  with  increasing  temperature  over  this  range.  Again,  similar 
behavior  is  observed  for  the  reactions  of  the  other  hydrogen  halides 
and  methyl  halides  with  OH"  and  its  solvates. 

Although  quantitative  evaluation  of  the  product  branching  ratios 
requires  further  data  analysis,  several  qualitative  generalizations  can 
be  made  at  this  time.  In  all  cases  where  formation  of  the  unsolvated 
product  anion  Y"  is  energetically  possible,  it  is  found  to  be  the 
dominant  ionic  product,  although  small  amounts  (5-20%)  of  the  singly 
solvated  product  anion  were  observed.  In  those  cases  where  solvation 
of  the  reactant  anion  caused  formation  of  the  unsolvated  product  anion 
to  be  endothermic,  the  proton  transfer  reactions  of  the  hydrogen 
halides  were  found  to  occur  rapidly  and  with  efficient  transfer  to  the 
product  anion  of  the  number  of  HgO  molecules  necessary  for  the  reaction 
to  be  exothermic.  By  contrast,  the  rate  constant  for  the  nucleophilic 
displacement  reactions  became  immeasurably  small  when  reactant 
solvation  caused  formation  of  the  unsolvated  product  anion  to  be 
endothermic. 
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c.  wactiow  or  atytfatyxt)^  with  the  methyl  halides 

In  order  to  investigate  the  effects  of  solvation  and  temperature 


upon  the  reactions  of  a  nucleophile  other  than  0H“,  rate  constants  were 
measured  for  the  reactions  of  the  unsolvated  and  the  singly-solvated 
oethoxlde  anion,  CH3o“,  with  the  methyl  halides  as  a  function  of 
temperature  over  the  range  200  -  500K  (see  Table  3), 


TABLE  3s  REACTIONS  OF  CH30“(CH30H)n  STUDIED  AS  FUNCTION  OF  TEMPERATURE* 


Neutral 

Degree  of  Solvation 

Reactant 

n  -  0 

n  -  1 

(17)  CH3C1 

6 

4 

(18)  CH3Br 

7 

1 

(19)  CH3I 

6 

2 

*Each  numerical  entry  in  this  table  indicates  the  number  of 
temperatures  in  the  range  200-500K  for  which  rate  constants  were 
measured  for  a  given  pair  of  reactants. 


Qualitatively,  the  effects  of  temperature  and  reactant  solvation 
upon  the  reactions  of  CH^O'  with  these  molecules  are  quite  similar  to 
those  observed  for  the  corresponding  reactions  of  hydrated  OH“. 
The  unsolvated  CHG30“  ion  reacted  at  nearly  the  collision  rate,  but 
addition  of  one  solvent  molecule  decreased  the  rate  constant,  most 
appreciably  in  the  case  of  the  least  exothermic  reaction.  Further  data 
analysis  is  required,  however,  before  a  more  quantitative 
characterization  of  these  reactions  can  be  mads. 
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D.  MISCELLANEOUS  REACTIONS  AT  BOOH  TEMPERATURE  (298K) 


Rate  constants  and  product  branching  ratios  (where  appropriate) 
were  measured  at  room  temperature  for  the  reactant  systems  listed  in 
Table  4: 

TABLE  4:  REACTANT  SYSTEMS  STUDIED  AT  ROOM  TEMPERATURE  (298K) 


(20) 

OH" 

(H20)2;  3  *  CH30H 

(21) 

OH- 

(  H20 )  Ct  1  +  C^2^^2 

(22) 

OH" 

'(HgO)^,  «■  CHCI3 

(23) 

0H“ 

(h2°)<11  *  CC1 4 

(24) 

OH" 

■<H20)ai  ♦  SiCl4 

(25) 

OH" 

(H20)  ♦  c2h2 

(26) 

OH" 

(H20)ai  *  ch3cch 

(27) 

OH" 

(h2o)  ♦  ch2-c-ch2 

(28) 

ch3 

O^CHjOHJqj  ♦  HF 

(29) 

ch3 

0"(CH3OH)o,t  *  HC1 

(30) 

ch3 

0-(CH30H)(^ ^  ♦  HBr 

(3D 

ch3 

0-(CH30H)ai  ♦  HI 

Reaction  (20),  which  involves  proton  transfer  from  the  CH3OH  to  the 
reactant  anion,  is  of  interest  because  simultaneous  transfer  of  at 
least  2  water  molecules  to  the  CH3O-  product  anion  is  required  for  the 
reaction  to  be  exothermic.  We  find  reaction  to  occur  on  essentially 
every  collision,  indicating  that  such  solvent  transfer,  although 
appearing  to  be  rather  complex,  is  actually  quite  facile. 

Reactions  (21)  -  (23)  were  studied  to  determine  the  effect  of 
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Increased  substitution  upon  the  reactivity  of  neutral  substrate.  With 
CH3CI  as  the  neutral  reactant,  proton  transfer  was  endothermic  and  only 
nucleophilic  displacement  was  observed.  With  CH2Cl2,  however,  proton 
transfer  is  evidently  exothermic  (or  at  least  thermoneutral),  for  we 
observe  very  rapid  reaction  to  form  roughly  equal  amounts  of  the  proton 
transfer  and  the  nucleophilic  .displacement  products;  this  finding 
appears  top  be  an  exception  to  the  general  rule1^  that  proton  transfer, 
when  exothermic,  always  pre-empts  nucleophilic  displacement. 

Reactions  (25)  -  (27),  which  also  proceed  via  proton  transfer,  were 
found  to  occur  with  a  collision  efficiency  considerably  less  than 
unity,  and  to  become  less  efficient  with  increasing  solvation  of  the 
reactant  anion.  These  results  are  similar  to  those  reported  previously 
by  Bohme  and  co-workers. ^ 

Reactions  (28)  -  (3D  involve  proton  transfer  to  the  methoxide 
anion  from  the  hydrogen  halides,  and  give  results  very  similar  to  those 
reported  above  for  the  proton  transfer  reactions  of  these  neutrals  with 
the  hydroxide  anion  (and  its  hydrated  forms):  reaction  occurs  with 
nearly  unit  efficiency  and  is  little  affected  by  the  addition  of  a 
single  solvent  molecule  to  the  reactant  anion. 

A  more  detailed  characterization  of  these  reactions  requires 
further  analysis  of  the  data  collected  this  summer. 

¥.  RECOtMEMDATIONS 

During  the  relatively  short  period  of  this  project,  a  very  large 
amount  of  data  has  been  collected  on  the  effects  of  temperature  and 
reactant  solvation  upon  the  rates  of  gas-phase  ion-molecule  reactions. 
These  results,  although  only  preliminary  in  scope  and,  as  yet, 
incompletely  analyzed,  have  greatly  increased  the  available  body  of 


data  on  such  effects  and  amply  demonstrate  the  sultablllity  of 
instruments  such  as  the  AFGL  SIFT  for  such  studies.  Because  such 
studies  are  vitally  important  for  an  improved  understanding  of  ionic 
reactions,  both  in  the  gas-phase  and  in  solution,  the  following 
recommendations  are  made: 

(1)  The  data  collected  this  summer  should  be  analyzed  and  the 
results  disseminated  by  publication  in  scientific  Journals.  Analysis 
would  involve  both  the  averaging  of  the  rate  constants  measured  in  the 
N  replicate  runs  for  each  reaction  studied,  and  the  evaluation  of  the 
product  branching  ratios  for  those  reactions  In  which  more  than  one  set 
of  products  are  formed.  Publication  would  involve  the  preparation  of 
manuscripts  in  which  the  present  results  are  presented  and  compared 
with  any  related  studies  previously  published. 

(2)  The  present  experimentally  measured  rate  constants  should  be 
compared  with  those  calculated  from  current  theoretical  models.  A 
measure  of  the  efficiency  of  a  given  reaction  can  be  obtained  by 
comparing  the  measured  rate  with  the  collision  rate,  which  might,  for 
example,  be  calculated  from  the  AADO  theory.17  The  collison  efficiency 
and  its  measured  temperature  dependence  might  then  be  compared  with  the 
predictions  of  a  model  such  as  the  "double-minimum"  model  proposed  by 
Brauman  and  co-workers.1®’1® 

(3)  Experimental  studies  of  the  type  reported  here  should  be 
continued  and  extended.  Such  future  studies  should  not  only  fill  in 
the  gaps  in  this  preliminary  study,  but  should  also  be  extended  to 
include  other  reactant  anions  (such  as  F“,  Cl“,  Br“,  CgHjO-,  etc.), 
other  solvent  molecules  (such  as  the  hydrogen  halides,  ethanol, 
acetone,  etc.),  and/or  other  neutral  reactants. 


1.  Foi  recent  reviews,  see  (a)  Ionic  Processes  In  the  Gas  Phase, 
edited  by  M.  A.  Alaoater  Ferreira,  Reldel  Publ.  Co.,  Dordrecht 
(1984);  (b)  Gas  Phase  Ion  Chemistry,  edited  by  M.  T.  Bowers, 
Academic  Press,  New  York  (19795 . 

2.  D.  K.  Bohme,  "Gas-Phase  Studies  of  the  Influence  of  Solvation  on 
Ion  Reactivity,"  in  Ref.  1(a). 

3.  See,  for  example,  F.  C.  Fehsenfeld  and  D.  L.  Albritton,  In 
Atmospheric  Water  Vapor,  edited  by  A.  Deepak,  T.  D.  Wilkerson,  and 
L.  H.  Ruhrike,  Academic  Press,  New  York  (1980),  pp.  587-597. 

4.  G.  I.  Mackay  and  D.  K.  Bohme,  </.  Am.  Chem.  Soc.  100,  327  (1978). 

5.  D.  K.  Bohme  and  G.  I.  Mackay,  J.  Am.  Chem.  Soc.  103,  978  (1981). 

6.  K.  Tanaka,  G.  I.  Mackay,  J.  D.  Payzant,  and  D.  K.  Bohme,  Can.  J. 
Chem.  54,  1643  (1976). 

7.  D.  K.  Bohme  and  A.  B.  Rakshit,  J.  Am.  Chem.  Soc.  106,  3447  (1984). 

8.  S.  D.  Tanner,  G.  I.  Mackay,  and  D.  K.  Bohme,  Can.  J.  Chem.  59,  1615 
(1981). 

9.  D.  K.  Bohme,  A.  B.  Rakshit,  and  G.  I.  Mackay,  J.  Am.  Chem.  Soc. 

104,  1100  (1982). 

10.  M.  Henchman,  J.  F.  Paulson,  and  P.  M.  Hierl,  J.  Am.  Chem.  Soc.  105, 
5509  (1983). 

11.  N.  G.  Adams  and  D.  Smith,  Int.  J.  Mass  Spectrom.  Ion  Phys.  2JU  349 
(1976). 

12.  J.  C.  Weisshaar,  T.  S.  Zwier,  and  S.  R.  Leone,  J.  Chem.  Phys.  75, 
4873  (1981). 

13.  W.  N.  Olmsted  and  J.  I.  Brauman,  J.  Am.  Chem.  Soc.  99.,  4219  (1977). 

14.  D.  K.  Bohme  and  A.  B.  Rakshit,  J.  Am.  Chem.  Soc.  106,  3447  (1984). 

15.  F.  C.  Fehsenfeld  and  E.  E.  Ferguson,  J.  Chem.  Phys.  6J_,  3181 
(1973). 

16.  J.  L.  Beauchamp,  In  Interactions  Between  Ions  and  Molecules, 
edited  by  P.  Ausloos,  Plenum  Press,  New  York  (1975) ,  p.  ^25  ff. 


17.  W.  J.  Cheanavich,  T.  Su,  and  M.  T.  Bowera,  In  Klnatlos  of  Ion- 
Molecule  React Iona,  edited  by  P.  Aualooa,  Plenti*  Preaa,  New  York 
(197$)',  p.  31  ff. 

18.  W.  P.  Olmated,  Ph.D.  theaia,  Stanford  Unlveralty,  1977  (Univeraity 
Microfllma,  Ann  Arbor,  MI  #77-12679). 


1984  USAF-SCEEE  GRADUATE  STUDENT  SUMMER  SUPPORT  PROGRAM 
Sponsored  by  the 

AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH 
Conducted  by  the 

SOUTHEASTERN  CENTER  FOR  ELECTRICAL  ENGINEERING  EDUCATION 

FINAL  REPORT 

BOILING  HEAT  TRANSFER  IN  HEAT  PIPE  EVAPORATOR 


Prepared  by: 

Academic  Department: 

University: 

Research  Location: 

USAF  Research  Contact: 

SFRP  Supervising  Faculty  Member: 

Date: 


Jay  Ambrose 

Mechanical  Engineering 

Washington  State  University 

Aero  Propulsion  Laboratory 
Wrlght-Patterson  Air  Force  Base 

Dr.  E.  T.  Mahefkey 
Mr.  R.  Ponnappan 

Dr.  Louis  C.  Chow 
Assistant  Professor 

September  24,  1984 

F49620-82-C-0035 


Contract  No.: 


Jay  Ambrose 


ABSTRACT 


Efforts  are  described  to  further  the  development  of  the  Double-Wall 
Artery  Heat  Pipe  (DWAHP) .  This  Is  a  unique  nev  design  which  has  shown 
much  potential  as  a  high  heat  flux  device.  A  correlation  Is  presented 
which  relates  the  evaporator  temperature  drop  for  a  water  saturated 
screen  wick  to  the  heat  flux.  This  correlation  provides  good  results 
for  different  screen  materials  and  mesh  sizes.  In  addition,  a  computer 
program  was  written  to  perform  the  basic  standard  design  calculations 
and  simulate  operating  temperatures  of  the  DWAHP. 
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I. 


INTRODUCTION 


Over  the  last  decade,  many  advances  have  been  made  In  heat  pipe 
technology.  Heat  pipes  play  an  Important  role  In  thermal  energy 
management  (waste  heat  rejection).  They  can  transport  thermal  loads 
through  finite  distances  with  a  minimal  temperature  drop  and  low  space 
requirements.  This  has  made  them  very  attractive  for  use  in  spacecraft. 

The  increasing  complexity  of  military  space  missions  will  require 
greater  heat  rejection.  Capacity  limits  of  current  heat  pipes  set  the 
performance  limit  of  large  heat  transport  and  radiator  components^  which 
motivates  the  development  of  high-capacity  heat  pipes. 

The  Thermal  Systems  Croup  of  the  Aero  Propulsion  Laboratory  is 

responsible  for  the  invention  and  development  of  the  Double-Wall  Artery 
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Heat  Pipe  (DWAHP) .  The  unique  new  design  of  the  DWAHP  is  easily 

fabricated  and  tested,  and  virtually  free  of  entrainment  effects. 

Arteries  provide  a  plentiful  liquid  return  path.  Both  features 

(arteries  and  double  wall)  are  reasonable  approaches  to  the  optimization 

of  a  copper/water  heat  pipe  because  of  the  capillary  limit,  which  is  the 
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dominating  factor  for  operation  in  the  40  to  250°C  range.  Development 

of  the  DWAHP  is  aimed  at  testing  these  design  concepts. 

From  initial  calculations,  it  is  clear  that  the  effective  thermal 
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conductivity  model  adapted  by  Chi  and  others  is  incorrect  for  the  heat 
pipe  evaporator  or  condenser.  Their  model  did  not  explain  the  AT's 
(temperature  drop)  observed  for  the  copper/water  system.  Chi's  model 
may  work  for  a  liquid-metal  heat  pipe  but  only  because  of  the  very  large 
conductivity  of  the  liquid  within  the  wick.  Obviously,  a  more  complex 
mechanism  exists  in  the  heat  pipe  wick. 

Numerous  advantages  are  found  with  the  double-wall  design  and  it 
may  prove  to  be  a  major  development  in  heat  pipes  if  optimized 
successfully.  But  the  processes  of  boiling  and  condensation  within  heat 
pipes  are  not  well  understood.  This  is  due  to  the  scarcity  of 
experimental  data  available.  Additional  research  in  this  area  will  be 
required  to  fully  understand  this  phenomenon. 


II.  OBJECTIVES 


The  main  objective  of  this  project  was  to  aid  in  the  development 
process  of  the  DWAHP.  Efforts  are  being  made  to  increase  the 
understanding  of  the  heat  pipe's  operation  and  to  increase  the 
performance  of  the  device.  Specifically,  the  objectives  set  at  the 
beginning  of  the  research  period  were  to: 

(i)  develop  an  understanding  of  the  process  occurring  in  the 
evaporator 

(ii)  develop  a  correlation  to  describe  this  heat  transfer 
process 

(iii)  modify  a  heat  pipe  design  computer  program  for  use  with 
the  DWAHP 

III.  HEAT  TRANSFER  MECHANISM  -  IMPORTANT  PARAMETERS 


Many  researchers  have  postulated  that  nucleate  boiling  may  occur  in 
heat  pipe  wicks.  This,  of  course,  is  dependent  on  working  fluid  and 
geometry  as  well  as  heat  flux.  In  the  case  of  water  heat  pipes,  the 
effective  thermal  conductivity  of  the  wick  is  low^,  thus  conduction 
through  the  saturated  wick  would  cause  a  large  temperature  drop.  The 
fine  circumferential  grooves  on  the  evaporator  wall  provide  excellent 
nucleation  sites.  Nucleate  boiling  is  therefore  highly  probable  even 
for  modest  superheat  levels. 

Agreement  with  the  correlation  suggests  that  this  is  a  good 
hypothesis.  A  correlation  was  developed  based  on  nucleate  boiling  and 
is  similar  to  the  pool-boiling  correlation. 

Since  nucleate  boiling  was  assessed  to  be  important,  the  next  step 
was  an  attempt  to  explain  qualitatively  the  boiling  process  in  the  wick. 
All  properties  which  would  directly  influence  the  heat  transfer  were 
examined.  The  process  is  dominated  by  surface  tension  because  of  the 
porous  lattice  of  the  screen.  Any  bubbles  which  escape  the  wall  must 
enter  the  void  space  of  the  screen.  The  surface  tension  force  on  a 
vapor  bubble  is  approximately: 


where  the  bubble  diameter,  dk  is  of  the  order  of  the  screen  opening,  and 
O'  is  the  surface  tension  coefficient.  The  buoyancy  force  on  the  bubble 
is  given  by: 
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where  j> ^  is  the  liquid  density  and  Vk  is  the  bubble  volume.  The  ratio 
of  surface  tension  to  buoyant  force  Ft.r.  /F#  is  of  the  order  10^. 

It  was  first  thought  that  the  vapor  would  push  through  the  wick  to 
the  vapor  slots  and  escape  to  the  core,  forming  vapor  channels. 

Formation  of  vapor  channels  was  thought  to  increase  the  heat  transfer 
coefficient,  allowing  higher  heat  fluxes.  It  is  not  clear  what  would 
drive  the  vapor  to  break  clear  though  the  liquid/wick  layer  since  the 
buoyancy  force  is  not  significant.  It  is  now  recognized  that  the  vapor 
release  process  need  not  be  dominating;  sensible  heat  absorbed  by  the 
liquid  near  the  wall  is  larger  than  the  latent  heat  contained  in  a 
bubble  of  equal  volume  as  show  below.  The  latent  heat  released  by  a 
departing  bubble  is  given  by: 

where  J> *  is  the  vapor  density,  is  the  heat  of  vaporization,  while 

the  heat  absorbed  by  an  equal  volume  of  liquid  is 

Pk  Vw  Cf  t  ATk 

where  Cf*  is  the  liquid  specific  heat  and  the  liquid  heated  by  an  amount 


AT. 


Thus  the  ratio 


@  IOO*C 


S«ns»ble  W&ai  -  A  ^  *  3  AT* 

Latent  V\eccr  f-  V\*, 


The  major  factor,  then,  is  the  heating  of  the  returning  liquid 
which  is  pumped  about  by  the  vapor  release  from  the  wall.  The 
dominating  process  is  a  vapor-liquid  pumping  action  such  as  that 
proposed  by  Engleberg-Forster  and  Grief**.  Any  vapor  which  leaves  the 
wall  probably  moves  into  the  screen  and  collapses,  giving  off  its  heat 
to  the  next  layer  of  liquid.  As  this  process  repeats,  liquid  is  heated 
successively.  The  liquid  pumping  mechanism  is  very  efficient  indeed, 
and  creates  a  very  effective  convection  process.  This,  coupled  with 
limited  conduction  through  the  wick  (solid),  gives  the  heat  needed  to 


evaporate  liquid  at  the  surface  meniscii  in  an  amount  sufficient  to 
transport  the  heat  to  the  condenser  region. 

IV.  RELATED  EXPERIMENTS 

Two  correlations  have  been  presented  to  relate  the  heat  flux  and  AT 
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for  boiling  in  screen  wicks  *  .  Both  correlations  are  similar  and  show 

good  agreement  with  the  experimental  data  used.  Neither  group  of 

experimenters  applied  their  correlation  to  heat  pipe  data  or  data 

obtained  from  a  different  type  of  apparatus.  Fair  agreement  was  found 
2 

with  the  DWAHP  data  but  insufficient  information  was  given  for  their 

correlation  to  be  applied  accurately.  In  the  future,  data  from  these 

two  papers  may  be  incorporated  into  the  present  correlation. 
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Data  given  by  Abhat  and  Seban  showed  good  agreement  with  the  DWAHP 
data.  The  apparatus  for  their  experiment  was  a  vertical  tube  with 
external  wick  and  an  internal  heater.  It  was  used  with  different  screen 
types  and  working  fluids  to  obtain  q  vs  AT  curves  for  boiling  in  a 
screen  wick.  Their  data  for  boiling  of  water  into  its  vapor  was  used 
along  with  DWAHP  data  in  the  present  correlation. 

V.  CORRELATION 

Since  liquid  agitation,  or  pumping  action,  plays  an  important  role 
in  boiling  in  the  wick,  the  first  step  was  to  check  for  similarities  to 
the  pool-boiling  process.  It  has  been  assumed  that  buoyancy  forces  are 
unimportant.  Calculations  show  that  these  forces  are  very  small 
compared  to  surface  tension.  In  pool-boiling,  the  buoyancy  is  used  in  a 
force  balance  on  the  vapor  bubble  in  order  to  obtain  the  Reynolds  No. 
for  bubbles.  In  the  case  of  a  screen-wick,  the  bubble  diameter  is  of 
the  same  order  as  the  mesh  opening.  An  alternative  Reynolds  No.  is 
defined  based  on  this  dimension.  Consider  the  liquid-vapor  exchange 
process  caused  by  bubble  movement.  By  continuity,  the  mass  of  vapor 
entering  the  bubble  must  equal  the  mass  of  liquid  replacing  it. 


where  V  indicates  the  volume  flow  rate.  The  heat  flux  required  to 
form  vapor  at  the  wall  is  equal  to  some  fraction  of  the  total  heat  flux, 
or  equivalently. 


0  a  =  (A. 

P’ v'  *Vl 


where  ^  is  the  heat  flux  and  where  the  fraction  f  of  the  heat  carried 
away  from  the  wall  by  vapor  is  not  a  strong  function  of  Reynolds  Mo.  As 
the  rate  of  vapor  formation  at  the  wall  is  Increasing  so  is  the 
agitation  of  and  heat  transfer  through  the  liquid.  Since  the  liquid 
must  flow  through  the  screen  opening  denoted  by  w  ,  a  Reynolds  Mo.  for 
the  liquid  may  be  formed  as: 


R«  = 


_  J>ViW  _  {  \  w 


^r 


Re  =  X*L 


If  f  is  absorbed  into  the  lead  constant  of  the  correlation. 

A  slightly  modified  form  of  Rohsenow's  pool-boiling  correlation, 

i  C  WP-*  (2) 

where  ft-  is  the  liquid  Frandtl  No.  and  the  Reynolds  Mo.  is  defined  by 
equation  (1),  showed  fair  agreement  with  the  DWAHP  data.  Therefore,  a 
regression  analysis  was  performed  using  a  form  similar  to  equation  (2), 
with  the  addition  of  three  extra  terms:  the  screen  geometry  ratio,  the 
liquid  to  vapor  density  ratio,  and  the  effective  conductivity  ratio. 

The  geometry  term  (S/W)  is  the  ratio  of  the  thickness  of  one  screen 
layer  to  the  size  of  the  mesh  opening  and  accounts  for  the  relative 
thickness  of  the  screen.  The  liquid  to  vapor  density  ratio  (  ^4/^*  )  is 
Important  to  the  momentum  exchange  between  the  two  phases,  while  the 
effective  conductivity  ratio  (k*  /k^  )  controls  the  vapor  growth  near 
the  wall.  Heat  must  conduct  through  a  thin  layer  of  liquld/wlck  to 
create  vapor  during  the  bubble  growth. 


r- 1.*  *-  »■ 


The  resulting  correlation  gives  the  evaporator  temperature  drop  as: 
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Data  used  from  DUAHP  #1  and  Abhat  and  Seban  includes  screens  of 
copper,  stainless  steel  and  phosphor  bronze,  and  mesh  sizes  of  100,  150 
and  325  in-  .  Range  of  the  variables  used  in  the  correlation  are: 

Re  :  5.4.KW*  Jb  :  1.1*10*-  *M  *10* 

Pr  :  0.1-***  :  |.s  -  1.S 

8/W  :  *« 


The  boiling  correlation  has  so  far  been  used  only  for  water.  It 
can  be  used  to  predict  the  temperature  drop  across  the  heat  pipe 
evaporator  for  the  case  of  water  working  fluid  and  screen  wick. 

Fig.  I  shows  the  predicted  values  of  ^  for  the  data  of  the  first 
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DWAHP  prototype  and  the  data  of  Ahbat  and  Seban  .  It  is  seen  that  most 
points  fall  within  i30Z  of  the  prediction. 


>V,v’/V. 
*  <  V  * 

^ ^  ■-*  -*  ■  ' « *  *  *  * 


Data  of  HP#210  is  in  good  agreement  with  the  correlation  and  found 
to  be  above  predicted  values.  This  was  expected  because  of  the  absence 
of  the  fine  circumferential  grooves  on  the  evaporator  wall.  HP#311 
shows  poor  agreement  with  the  prediction.  It  is  likely  that  this  heat 
pipe  was  not  operating  with  uniform  wetting  conditions  due  to  the 
absence  of  screen  in  the  condenser  and  adiabatic  sections.  If  this  is 


the  case,  the  heat  is  effectively  choked  off  at  the  dry  evaporator  zones 
and  must  conduct  through  the  wall  to  the  wetted  section  before  it  can 
pass  to  the  fluid.  The  variations  in  HF#3  data  support  a  non-saturated 
wick  operating  mode.  AI's  for  a  given  q  vary  from  below  predicted  for 
low  q  to  well  above  for  high  q.  These  conditions  correspond  to  either  a 
thin-film  wetting  condition  on  the  evaporator  top  or  a  no-wetting 
condition.  If  the  evaporator  is  not  uniformly  wetted,  the  mechanism  of 
heat  transfer  will  change  significantly.  The  correlation  works  well  in 
predicting  the  heat  transfer  when  the  evaporator  operates  under 
desirable  (fully  wetted)  conditions. 


VI.  COMPUTER  PROGRAM  -  HEAT  PIPE  DESIGN 


The  purpose  of  this  program  is  to  perform  the  basic  design 

calculations  for  the  double-wall  artery  heat  pipe.  Standard 

calculations  simulate  the  operating  temperatures  for  different 

temperatures  and  heat  inputs.  The  various  operating  limits  are 

calculated  to  check  if  they  have  been  exceeded.  The  equations  used  are 
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taken  from  references  *  . 

Input  parameters  include  power  level,  sink  temperature  and  heat 

pipe  geometry.  This  information  is  read  from  a  separate  data  file  so 

they  may  be  changed  Independently.  A  list  of  these  variables  is 

Included  for  reference.  The  program  returns  the  evaporator  and 

condenser  temperature  drops,  adiabatic  and  source  temperatures. 

Subroutines.  Subroutine  DELP  calculates  the  pressure  profiles  of 

both  the  liquid  and  the  vapor  along  the  pipe's  length.  Pressure  drop 
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calculations  are  similar  to  those  in  equations  with  the  addition  of  a 

radial  pressure  drop  correction  and  a  liquid  friction  coefficient  based 

on  both  groove  and  screen  permeabilities.  The  temperature  drop  across 

the  adiabatic  section  is  calculated  using  the  maximum  vapor  pressure 

drop.  The  pressure  profile  from  DELP  is  used  in  subroutine  LIMITS  to 

determine  the  capillary  limitation. 

In  subroutine  LIMITS,  the  absolute  vapor  pressure  profile  is 

obtained  by  setting  the  vapor  pressure  equal  to  the  saturation  pressure 

at  the  evaporator  end.  The  difference  between  the  liquid  and  vapor 

pressures  at  the  evaporator  end  is  set  equal  to  the  maximum  capillary 

pressure  to  obtain  the  absolute  liquid  pressure  profile.  Liquid  and 

vapor  pressures  are  then  checked  to  make  sure  the  vapor  pressure  is 

greater  than  or  equal  to  that  of  the  liquid  everywhere  along  the  pipe. 

If  the  liquid  pressure  is  greater,  the  pipe  is  capillary  limited.  Other 
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limits  calculated  using  equations  from  ’  are  boiling  limit,  sonic 
limit,  entrainment  limit  and  viscous  limit. 

Subroutine  EVAP  uses  the  screen-wick  boiling  correlation  to 
calculate  the  AT  across  the  evaporator.  Subroutine  COND  uses  the 
effective  conductivity  model  to  calculate  the  AT  across  the  condenser 
wick.  It  uses  a  thermal  boundary  layer  thickness  theory  to  provide  a 
reasonable  estimate  of  the  temperature  drop.  A  layer  of  stagnant  liquid 
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exists  near  the  vail  which  must  conduct  heat  while  a  moving  layer  is 
dominated  by  convection.  The  thickness  of  the  conduction  dominated 
layer  was  correlated  with  the  heat  flux  using  a  second-order  polynomial. 
Thermal  resistance  of  the  wick  is  calculated  using  the  effective 
conductivity  model  from^  and  this  thickness. 

Modifications.  The  various  operating  limits  may  be  calculated  and 
printed  out  for  different  temperatures.  This  will  require  iteration  on 
heat  input  to  determine  the  capillary  limit  using  subroutines  DELP  and 
LIMITS. 

Different  operating  modes  may  be  added  such  as  input  power  level 
and  adiabatic  temperature  or  input  source  and  sink  temperatures.  In  the 
latter  case,  subroutine  EVAP  should  be  modified  to  return  heat  flux  as  a 
function  of  AT  in  addition  to  the  present  method. 

VII.  RECOMMENDATIONS 

In  all  previous  tests  of  the  DWAHP  design,  heat  input  was  provided 
by  electrical  resistance  heaters  wrapped  around  the  evaporator.  The 
independent  parameter  is  therefore  the  heat  flux,  which  is  easily 
measured  as  the  electrical  power  input  to  the  heater  divided  by  the 
heater  area.  If,  as  the  power  input  is  increased,  observed  £T's  begin 
to  increase  rapidly,  it  is  taken  as  an  indication  that  the  maximum  flux 
has  been  reached.  Although  the  correlation  gives  a  relationship  between 
heat  flux  and  temperature  drop  for  the  heat  pipe  evaporator,  it  does  not 
provide  information  as  to  the  maximum  heat  flux  (^J.  Prediction  of 
the  maximum  heat  flux  is  of  prime  importance  because  it  determines  the 
power  capability  of  the  heat  pipe  design. 

The  following  project  is  recommended  to  give  a  more  accurate 
determination  of  the  maximum  heat  flux  and  also  aid  in  the  development 
of  a  prediction  for  q^  .  This  will  be  accomplished  by  enclosing  the 
evaporator  within  a  variable  pressure  steam  condenser,  with  power  input 
to  the  heat  pipe  as  the  dependent  parameter  and  where  the  temperature  is 
controlled  independently.  Pressure  of  the  steam  will  be  controlled  to 
provide  a  constant  temperature  heat  source.  The  mass  flow  rate  and 
temperature  of  the  steam  provide  a  measurement  of  heat  input.  With  this 
apparatus,  as  the  maximum  flux  is  reached,  a  decrease  in  q  will  be 


observed  when  AT  is  further  Increased.  This  method  is  clearly 
advantageous  for  examing  q^^  because  it  gives  a  better  indication  when 
q^  is  reached. 

A  follow-up  research  project  has  been  initiated  which  will  involve 
further  testing  of  the  DWAHP  prototype  design.  For  the  proposed 
testing,  facilities  have  been  made  available  at  Washington  State 
University,  including  high  pressure  steam  (up  to  600  psi)  from  the 
nearby  power  plant  and  laboratory  space  and  equipment.  This  author's 
summer  research  project  will  continue  through  the  year  as  he  seeks  his 
Masters  in  Mechanical  Engineering  with  this  research  as  his  thesis 
topic. 
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OP  A  MBTHOO  FOR  ODNSTROCTING 


Vicki  Atkins 


ABSTRACT 


Controls  are  an  important  consideration  in  the  design  of  dynamic  systems. 
Currently  control  laws  exist  when  there  is  complete  knowledge  of  the 
components  of  the  state  vector  associated  with  a  system.  But  without 
enough  sensors  to  measure  the  entire  state  accuretly  we  must  in  some  way 
reconstruct  the  state.  The  question  is  then,  how  do  we  build  the 
observer  matrix  with  the  information  that  we  do  know?  It  is  also 
important  that  the  method  used  be  capable  of  handling  a  large  nuntoer  of 
state  variables.  I  will  approach  the  problem  by  studying  the  Luenberg 
Observer  and  examaning  its  limitations.  Perhaps  through  modification  of 
this  technique  I  can  develop  an  improved,  more  efficient,  and  more 
practical  method.  Hopefully  significant  performance  as  rell  as  cost 
Improvements  can  be  realized. 


♦Miss  Atkins  experienced  a  personal  tragedy  during  the  summer  which 
resulted  in  her  early  withdrawal  from  the  program.  Consequently  no  final 
report  is  available. 
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Joseph  H.  Badal  ament i 
ABSTRACT 


A  review  of  current  tire/soil  mathematical  modeling 
techniques  is  presented  along  with  comments  on  their  areas  of 
applicability  and  their  inaccuracies.  A  radial- inter  radial 
spring  tire  model  is  developed  that  uses  linear  springs  to 
interconnect  the  radial  linear  or  quadratic  springs.  This 
causes  one  radial  element's  deflection  to  be  dependent  upon  its 
neighbors'  deflections,  improving  the  accuracy  of  the  vertical 
and  drag  force  predictions. 


■-  V- 


Aircraft  tire/soil  interaction  has  been  the  subject  of 
increasing  stud/  in  recent  years.  Host  current  fighter  aircraft 
in  the  Air  Force  inventory  wefe  designed  for  operation  on 
smooth,  rigid,  paved  surfaces,  but  they  also  have  a  limited 
capability  for  operation  on  lower  strength  surfaces.  Since  main 
operating  base  runways  would  most  probably  be  heavily  damaged  by 
an  enemy  attack,  the  Air  Force  has  placed  a  greater  emphasis  on 
aircraft  ground  operations  over  unimproved  surfaces.  Therefore, 
the  need  exists  for  validated  techniques  for  simulating  aircraft 
ground  operations  over  bomb-damage  repaired  or  soil  runways. 
Mathematical  tire  models  are  the  hearts  of  current  state  of  the 
art  simulations.  Accurate  prediction  of  the  forces  developed  by 
the  tire,  when  traversing  rough,  rigid  or  compliant  soil 
surfaces,  is  needed  to  evaluate  strut  loads,  airframe  dynamics, 
and  loads. 


II.  QBJfiCTIYES 

The  main  objective  of  this  project  was  to  review  existing 
tire  modeling  techniques,  and  identify  needed  improvements  that 
should  be  made.  Reasonably  accurate  models  have  been  developed 
for  the  aircraft  frame  (rigid  body  and/or  flexible)  and  the 
oleo-pneumatic  strut,  but  a  mathematical  model  of  the 
tire/ground  interaction  has  proven  to  be  a  more  difficult 
problem.  Several  tire  models  have  been  used  with  some  degree  of 
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success.  However/  an  improved  computationally  efficient  tire 
model  is  still  needed  to  increase  the  accuracy  of  the  predicted 
tire  deformations/  and  predicted  vertical  and  drag  loads 
transmitted  to  the  strut. 

III.  POINT  CONTACT  POT.T/1WER  AND  ITS  VARIATIONS 

The  most  extensively  used  tire  models  for  aircraft  taxi/tow 
simulations  have  been  the  point  contact  follower  and  its 
variations1/  Figure  la.  These  models  generally  represent  the 
effects  of  inflation  pressure  and  tire  stiffness  by  using  a 
spring  and  dashpot  in  parallel/  giving  fairly  good  results  for 
smooth  undulating  surfaces.  Drag  forces  are  predicted  by 
assuming  that  the  resultant  tire  force  is  always  normal  to  the 
local  ground  profile.  However/  since  these  models  do  not  have 
the  ability  to  envelop  small  wavelength  bumps  (smaller  than  the 
tire  footprint  length}/  they  tend  to  give  poor  estimates  of  the 
forces  generated  over  rough  terrain. 

Die  rigid  tread  band  tire  model/  Figure  lbf  also  uses  a 
parallel  spring-dashpot  combination.  However/  the  spring  and 
dashpot  see  a  forcing  function  that  is  due  to  the  vertical 
motion  of  a  rigid  wheel  as  it  rolls  over  the  terrain.  In  this 
model/  the  ground  contact  point  is  not  constrained  to  lie 
directly  beneath  the  wheel  axle/  but  is  free  to  move  fore  and 
aft  due  to  encounters  with  local  ground  geometry.  Small 
wavelength  bumps  are  filtered  out  by  this  movement/  and  the  tire 


forces  become  less  exaggerated  over  rough  terrain.  Like  the 
point  contact  model,  drag  forces  are  obtained  by  assuming  that 
the  resultant  tire  force  is  always  normal  to  the  terrain  at  the 
contact  point. 

The  fixed  footprint  tire  model,  Figure  lc,  uses  linearly 
distributed  stiffness  and  damping  in  the  contact  area.  As  its 
name  implies,  the  footprint  area  is  of  constant  size, 
independent  of  the  tire  deflection.  Ground  profile  heights 
within  the  tire/soil  contact  area  are  averaged  by  the 
distributed  springs  and  dampers,  so  that,  like  the  rigid  tread 
band  tire  model,  the  movement  that  the  wheel  sees  is  due  to  a 
modified  ground  profile.  Drag  forces  are  predicted  by  this 
model  using  the  same  assumptions  listed  for  the  point  contact 
and  the  rigid  tread  band  tire  models. 


A  model  proposed  by  J.R.  Kilner  represented  the  tire  as  a 
toroidal  membrane.  In  this  model,  pneumatic  pressure  was 
calculated  by  first  finding  the  footprint  area  for  the  membrane 
in  contact  with  a  predefined  rigid  surface.  A  change  in  tire 
volume  was  found,  which  then  resulted  in  a  change  in  the 
pneumatic  pressure.  The  vertical  and  drag  forces  were  obtained 
by  computing  the  product  of  the  pneumatic  pressure  and  the 
vertical  and  horizontal  projections  of  the  tire/ground  contact 
area,  respectively. 


The  forces  predicted  by  this  model  for  a  tire  rolling  over 
a  rigid  obstacle  compared  favorably  with  experimental  data 
obtained  from  the  Flight  Eynamics  Laboratory  at  Wright-Patterson 
Air  Force  Base.2  However,  the  toroidal  membrane  model  can  not 
be  used  for  simulation  of  aircraft  operation  on  soil  or  grass 
covered  surfaces,  since  the  governing  equations  were  derived 
assuming  a  rigid  surface  profile. 

V.  RADIAL  STIFFNESS  TIRE  MODELS 

A  radial  stiffness  tire  model3  was  proposed  that  uses 
angularly  distributed,  linear  spring  elements  to  represent  the 
tire  stiffness  characteristics.  Vertical  and  drag  forces  are 
the  result  of  the  summations  of  the  vertical  and  horizontal 
components  of  force  in  each  element  due  to  local  radial  spring 
deflections.  This  model  has  the  capability  to  envelop  short 
wavelength  bumps  and  consequently  filters  the  effects  of  small 
irregularities.  This  gives  the  model  the  potential  to 
accurately  predict  resultant  tire  forces  over  rough  terrain. 
However,  in  some  simulations  the  load-deflection  curve  for  this 
model  does  not  agree  well  with  the  actual  load-deflection  curve 
of  the  tire  it  is  to  represent,  limiting  the  accuracy  of  the 
predicted  forces. 

Phillips  and  Cook4  recently  suggested  using  radial 


quadratic  spring  elements  to  better  approximate  a  measured  load- 
deflection  curve  for  a  given  tire.  This  model  was  extended 


further  by  incorporating  a  Maxwell  model  (a  spring  and  daahpot 
in  series)  of  the  soil  for  simulation  of  aircraft  operations 
over  compliant  surfaces.  A  rut  depth  could  then  be  generated  by 
iterating  on  the  vertical  forces  in  the  tire  and  soil  elements. 
Rut  depths  predicted  by  this  model  correlated  well  with  results 
from  other  prediction  techniques.5'6. 

On  the  other  hand,  a  review  of  the  results  of  rigid 
obstacle  encounters  in  Phillips'  and  Cook's  work  revealed  some 
deficiencies  in  the  model's  ability  to  predict  accurate  loads. 
The  model  assumes  that  as  a  spring  element  encounters  the 
obstacle,  its  deflection  is  independent  of  its  neighbors' 
deflections.  Only  the  elements  in  contact  with  the  obstacle  are 
affected.  The  neighboring  noncontacting  elements  are  fully 
extended  to  the  radius  of  the  tire.  The  end  result  is  that 
smaller  vertical  loads  are  predicted  when  the  tire  is  not  wholly 
supported  by  the  obstacle  (as  in  obstacle  encounter  and 
departure,  and  where  obstacle  length  is  less  than  the  tire 
footprint  length).  Also,  computed  drag  loads  are  slower  to 
increase  and  quicker  to  decrease  than  the  measured  loads. 

VI.  MOBBQflHD  SPMMAKf 

Use  of  the  point  contact  follower  as  a  tire  model  has  been 
the  most:  popular  technique  in  dynamic  simulations,  not  only 
because  it  is  conceptually  simple,  but  also  because  it  is 
efficient.  Aircraft  operation  over  smooth,  undulating  surfaces 


can  ba  simulated  using  this  model,  giving  very  reasonable 
results.  Simulations  run  over  a  rough  surface  profile,  however, 
should  not  be  made  when  using  the  point  contact  follower. 


The  concept  of  a  toroidal  membrane  tire  model  was  developed 
to  be  efficient  for  use  on  both  smooth  undulating  surfaces,  and 
austere  surfaces.  But  since  it  can  only  be  used  over  rigid 
profiles,  its  main  area  of  effectiveness  lies  in  predicting  tire 
response  to  rigid  obstacle  encounters  (spalls,  rectangular 
bumps,  haversines).  This  may  be  particularly  useful  for 
designing  a  test  program  using  bumps  and  dips  of  varying 
geometries  and  of  multiple  configurations. 

Although  the  radial  stiffness  tire  models  are  more  time 
consuming  than  the  point  contact  and  the  toroidal  membrane 
models,  they  can  be  used  for  simulations  over  rigid  paved  and 
soft  soil  surfaces.  The  main  fault  with  these  models  lies  in 
the  assumption  that  an  element's  deflection  is  entirely 
independent  of  its  neighbor's  deflections,  causing  inaccuracies 
in  the  resulting  tire  force  predictions. 

VII.  RSDIAfr-IHTBRBADIAL  SPRINT.  TTRB  HOOP, 

A  technique  that  would  resolve  the  problem  with  the  radial 
stiffness  tire  model  w^uld  be  to  include  interradial  springs. 
Figure  Id.  These  interradial  springs  would  inter-connect  the 
main  radial  springs  making  the  element  deflections  dependent 
upon  one  another.  The  radial-in terradial  spring  tire  model 


would  therefore  predict  higher  vertical  and  drag  forces  than 
those  predicted  fay  the  radial  element  tire  aodel,  when  the  tire 
is  not  wholly  supported  by  the  ground  or  an  obstacle. 

TWo  separate  models  can  be  developed.  The  first  would  use 
linear  radial  and  linear  interradial  springs.  This  nodal  has  a 
load-deflection  curve  that  adequately  approximates  a  tire's 
actual  load-deflection  curve.  Its  main  advantage  is  that  all 
resultant  forces  and  displacements  can  be  solved  directly  for 
any  imposed  displacement  state.  This  aodel  should  give  very 
good  results  for  a  small  amount  of  computer  time. 

The  second  model  to  be  developed  would  use  quadratic  radial 
springs  and  linear  interradial  springs.  The  load-deflection 
curve  provided  by  this  model  closely  resembles  that  of  the 
tire's  actual  load-deflection  curve.  However,  because  of  the 
quadratic  relationship  between  force  and  displacement  in  the 
radial  springs,  the  model's  unknown  displacements  and  forces 
cannot  be  solved  for  directly.  An  iteration  process  must  be 
used  for  every  tire/ground  configuration.  The  computer  run  time 
for  this  model  would  therefore  be  higher  than  that  of  the 
linear-linear  type  aodel,  but  its  force  and  displacement  predic¬ 
tions  would  be  more  accurate. 


Letting, 

£r  ■  radial  element  deflection, 

4-10 


k  »  inter radial  linear  spring  constant 
Cj,  C2  *  radial  quadratic  spring  constant 
the  radial  force  in  element  "i*  can  be  written  ass 

^kt  *  +  Ci  ~  . 


Since  the  vertical  force  in  element  *i"  is 

^  J//>  7 

Bquation  (1)  can  be  written  as, 

^  s  f  c*4r<-  *  ~  *<*«•-,  -  A  £*,;,)  sme,* 

and  since. 


s  £/ti  &,n  i 


the  total  vertical  force  on  the  wheel  axle,  due  to  'N*  radial 
elements  is: 

*  r  _  _  _ x  .  ,  _  _  .  .  ^  _v*i 
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The  vertical  displacement  of  element  *i"  due  to  the 
tire/ground  contact  is: 

£*•  *  2*  -  1;  -  2„ 
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where 


Zpi  *  the  ground  profile  height 
**  ■  the  wheel  axle  vortical  displacement 
and  ti  -  R(  1-sin  ®j)  . 

Substituting  Bquation  (€}  into  Equation  (5)  rosults  ins 


s  £  |  s*n®i)  ■  f uij  ♦  +* 

k^  -RCl-sin*i)-*w]-  Sjti'  [)!,„- - 

jpgi.  [Hfi.,  -  HO  -  -  Zo)]]j 


10  evaluate  the  spring  constants  Clr  and  k,  it  is 
necessary  to  obtain  three  aquations  to  be  solved  siaultaneously. 
If  the  ground  profile  height  ia  set  equal  to  zero,  the  wheel 
axle  displacement  and  force  (X*  and  Fy)  can  be  obtained  from  a 
tire  load-deflection  curve. 

Using  a  20-20  Type  ill  tire  load-deflection  curve  at  a 
pressure  of  125  pel,  and  a  radius  of  27.84  inches,  three  pairs 
of  load  deflection  values  can  be  obtained: 

Fvl  *  54,000  lb.  Zwl  ■  6.0  inches 

pv2  *  22,500  lb.  ZW2  ■  3.0  inches 

FV3  ■  12,800  lb.  Zw3  ■  2.0  inches 


(7) 


(8a) 

(8b) 

(8c) 


Using  thass  values  in  aquation  (7)  results  in: 

60.941  q  +  301.048  q+2.703  k  -  54000 

21.478  q  +  52.072  q+1.849  k  -  22500 

11.687  q  +  18.761  q-t-1.47  k  -  12800 

The  constants  q,  q  and  k  can  be  solved  for  by  using 
Cramer's  rule  to  obtain: 
q  -  1227.17 
C2  -  -67.34 
and  k  ■  >189.66 

Substituting  these  values  into  Equation  (5)  results  in: 


This  equation  can  now  be  used  to  provide  an  analytical  tire 
load-deflection  curve  for  a  20-20  Type  III  tire  at  125  psi. 

IX.  COMPUTER  PROGRAM  STRPCIHRE 

The  computer  program  to  be  developed  would  rely  heavily  on 
the  use  of  FORTRAN  subroutines.  Each  subroutine  would  act  as  an 
independent  module,  with  a  minimum  number  of  variables  to  be 
transfered  among  the  subroutines.  This  will  allow  for  program 
changes  to  be  made  quickly  and  easily,  and  also  for  easy 
substitution  of  all  or  part  of  the  program  into  existing  vehicle 
dynamics  simulations. 


An  outline  of  the  program  flow  can  be  found  in  Figure  2. 

The  main  program  will  consist  of  the  necessary  control 
statements,  and  one  call  statement  to  subroutine  COHTRL.  The 
CONTRL  subroutine  will  read  input  data  and  CALL  other 
subroutines  based  on  options  specified  by  the  user. 

The  first  option  allows  the  user  to  choose  one  of  three 
models  to  be  included  in  this  program  (MODOPT  -  1,2, or  3). 
MODOPT  ■  1  specifies  the  linear  radial-linear  interradial  spring 
tire  model.  If  MODOPT  ■  2,  then  the  user  has  chosen  the 
quadratic  radial-linear  interradial  spring  tire  model.  A  third 
possibility,  MODOPT  ■  3,  directs  the  computer  to  use  the 
quadratic  radial  spring  tire  model  developed  by  R.F.  Cook.4 
This  third  option  would  allow  a  direct  comparison  of  the  radial- 
inter  radial  spring  tire  models  with  the  present  state  of  the  art 
modeling  technique. 

A  second  option  to  be  specified  indicates  the  type  of 
surface  to  be  used  for  the  simulation  (ISORF  ■  1  or  2).  I StJRF  ■ 
1  specifies  a  rigid  surface  for  encounters  with  rigid  obstacles 
(bumps  and  dips)  or  simulated  operation  over  paved 
runway  s/taxiway  s.  Soil  surfaces  of  different  strengths  could  be 
simulated  by  setting  I SURF  -  2. 

X.  REflQHHBMDATTflHfi 


It  is  recommended  that  the  radial-interradial  spring  tire 
model  be  developed  and  implemented  as  described  in  the  previous 
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ABSTRACT 

Radar  detection  performanoe  degrades  when  the.  target  signal  contains 
high  levels  of  nonstationary  surface  clutter.  However,  many  nonpara- 
meteric  statistics  exist  which  may  help  impro/e  radar  perf ocmance .  This 
report  describes  an  existing  detection  program  used  as  the  baseline  for 
this  project  and  an  existing  signal  generation  program  used  to  generate 
the  data  for  the  project.  It  discusses  some  of  the  nonparameteric 
statistics,  a  detection  algorithm  that  uses  these  statistics  and  a  method 
of  converting  computer  generated  input  signals  with  stationary  clutter  to 
signls  with  nonstationary  clutter.  In  particular,  it  discusses  the 
methods  and  the  motivation  for  implementing  these  concepts  on  a  computer. 
Finally,  it  proposes  possible  further  research  areas. 


I.  Introduction 

In  an  anvlronmant  with  a  low  signal-to-clutter  ratio, 
surface  clutter  can  significantly  reduce  the  effectiveness 
of  most  techniques  for  analyzing  radar  data.  This  occurs 
partially  because  the  clutter  distribution  function  varies 
depending  on  the  surface  behind  the  suspect  target  space. 

The  model  of  radar  used  in  this  project  sends  a  batch 
of  several  signal  pulses  and  measures  the  power  of  the 
individual  pulses  as  they  return. 

One  approach  to  analyzing  radar  signals  involves 
transforming  the  signals  from  the  time  domain  into  the 
frequency  domain  using  an  FFT  (Fast  Fourier  Transform). 

The  frequency  bin  in  which  the  target  appears  indicates  the 
doppler  shift  of  the  signal  due  to  the  relative  velocities 
of  the  target  and  the  source  of  the  radar  signal.  The 
detector  can  then  search  for  the  target  in  each  individual 
bin  while  ignoring  the  irrelevant  signals  in  the  other 
bins. 

If  the  detector  knows  what  the  distribution  of  the 
noise,  the  surface  clutter  and  the  chaff  (volume  clutter) 
look  like  then  it  can  simply  compare  the  signals  to  the 
appropriate  values  to  determine  a  detection. 


Two  major  attributes  of  a  detector  help  measure  its 
performance.  First,  the  detector  should  indicate  a  target 
as  often  as  possible  when  and  where  one  exists;  i.e.  high 
pri ^ability  of  detection.  Second,  the  detector  should 
indicate  a  target  as  seldom  as  possible  when  one  does  not 
exist;  i.e.  low  false  alarm  rate.  A  good  measure  of  the 
relative  performance  between  two  or  more  detectors  involves 
adjusting  them  so  they  each  have  the  same  false  alarm  rate 
and  measuring  the  probability  of  detecting  the  target  for 
each. 

II.  The  Objectives 

This  project  sought  to  find  and  evaluate  four 
nonparameteric  statistics  which  would  aid  in  the  analysis 
of  radar  detection.  These  statistics  would  require  a 
detection  algorithm.  The  testing  would  involve  implement¬ 
ing  the  detection  algorithm  on  a  computer  and  running  it 
with  data  simulating  radar  signals  with  nonstationary 
clutter. 

III .  The  Existing  Software 

The  MTI  (Moving  Target  Indicator)  program  and  the  SSG 
(Statistical  Radar  Signal  Generation)  program,  both  written 
by  the  Motorola  Corporation,  implement  a  detection 
algorithm  and  generate  simulated  radar  data,  respectively. 
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The  SSG  program  generates  simulatad  radar  signals 
bassd  on  paramstsr  valuss  chossn  by  ths  ussr.  Ths  data  has 
ths  form  of  signal  batchss  consisting  of  numerous  indivi¬ 
dual  pulses.  The  user  can  indicate  the  statistical  model 
and  parameters  required  by  that  model  for  the  target (s) , 
the  noise,  surface  clutter  and  chaff  as  well  as  the  number 
of  signal  pulses  in  a  batch.  The  user  does  this  by  editing 
a  PID  (Primary  Input  Data)  file  prior  to  running  the 
program.  The  SSG  program  then  uses  the  information  in  the 
PID  file  to  formulate  its  model  for  the  signals. 

The  MTI  program  implements  a  simple,  parametric 
detector  on  the  data  produced  by  the  SSG  program.  The 
algorithm  used  by  the  MTI  program  requires  data  in  the  form 
of  PSD's  (Power  Spectral  Densities)  that  represent  pulse 
batches  transformed  into  doppler  frequency  bins.  The  MTI 
program  does  this  transformation  by  using  one  of  several 
Fourier  Transformation  schemes.  The  MTI  program  can  run  in 
two  distinct  modes  -  threshold  generation  and  detection. 

In  the  threshold  generation  mode,  it  saves  the  ten  largest 
values  from  each  bin  of  the  transformed  target  free  data. 
The  tenth  largest  value  from  each  bin  becomes  the  threshold 
for  that  bin.  In  the  detection  mode,  the  MTI  program 
counts  the  number  of  times  a  value  from  a  bin  in  the 
transformed  target  data  equals  or  exceeds  the  corresponding 
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threshold.  Each  instance  of  this  constitutes  a  detection. 
The  MTI  program  divides  the  counts  for  each  bin  by  the 
number  of  trials  producing  a  probability  of  detection  for 
that  bin  and  prints  them  as  part  of  its  detection  stage 
output.  (Notes  Each  MTI  trial  consists  of  one  batch  of 
signals  generated  by  the  SSG  program.  When  the  programs 
that  create  data  files  for  this  project  transfer  data  from 
one  file  to  another,  they  do  so  one  block  at  a  time.  Each 
block  contains  one  batch  of  signals.)  The  parametric 
nature  of  this  detection  algorithm  comes  from  its  assump¬ 
tion  that  the  clutter  distribution  does  not  vary  between 
the  threshold  generation  and  the  detection. 

The  SSG  program  runs  as  a  subprogram  of  the  MTI 
program  and  the  MTI  PID  determines  the  value  of  some  of  the 
SSG  variables.  These  variables  include  the  number  and 
existence  of  targets  and  the  presence  of  noise  clutter  and 
chaff  in  the  signal  model.  The  MTI  PID  also  determines  the 
run  mode,  the  number  of  trials  and  the  number  of  points  and 
the  scheme  used  for  the  Fourier  Transformation. 

The  user  sets  the  False  Alarm  Rate  for  the  MTI  program 
by  adjusting  the  number  of  trials  to  conform  to  the 
equation!  (False  Alarm  Rate)  ■  10  /  (number  of  trials). 
Using  this  measure,  the  MTI  detector  performs  very  well 
when  the  clutter  model  does  not  vary  between  the  target 


free  data  and  tha  target  data.  However,  in  a  low  signal  to 
cluttar  ratio  environment  with  nonstationary  cluttar,  tha 
MTI  datactor  parformanca  raducas  significantly. 

IV.  Tha  Algorithm 

Tha  algorithm  usad  for  this  project  differs  from  that 
used  by  tha  MTI  datactor  in  only  one  significant  way.  Tha 
MTI  datactor  did  not  use  any  actual  statistic  whereas  tha 
algorithm  usad  for  this  project  implements  any  of  several 
different  statistic  that  use  a  number  of  frequency  bins. 
Therefore,  this  algorithm  must  set  a  criteria  for  determin¬ 
ing  from  which  bins  to  take  data. 

The  analysis  of  data  containing  information  with  a 
nonstationary  distribution  function  requires  some  assump¬ 
tions  about  that  function.  The  algorithm  discussed  here 
assumes  tha  continuity  of  tha  cluttar  distribution 
function.  More  precisely,  it  assumes  that  the  value  of  the 
clutter  does  not  vary  much  between  two  doppler  frequency 
bins  near  one  another.  This  assumption  allows  the 
algorithm  to  neglect  the  different  effect  of  tha  clutter  on 
the  data  over  a  small  range  of  frequencies. 

This  algorithm  also  considers  the  effect  of  the 
spreading  of  the  target  over  more  than  one  bin.  To  do 
this,  it  simply  disregards  the  nearest  few  bins  on  either 
side  of  a  test  bin.  This  prevents  a  target  in  one  bin  from 
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affecting  tha  detection  of  that  target  in  an  adjacent  or 
nearly  adjacent  bin. 

The  uae  of  multiple  frequency  bins  produced  one  other 
effect  not  encountered  by  the  MTI  detector.  The  power  from 
the  noise  in  the  bins  near  the  center  of  the  frequency 
exceeds  the  power  due  to  the  target  in  the  target  bins. 
Comparison  of  this  large  value  with  values  from  neighboring 
bins  gives  an  unnaturally  large  value  for  the  statistic. 
Fortunately,  the  noise  distribution  function  does  not  vary 
as  does  the  clutter  distribution.  Using  this  fact,  the 
algorithm  eliminates  the  effect  of  the  noise  by  normalising 
the  data.  The  normalization  process  involves  subtraction 
from  each  datum  the  mean  of  the  target  free  data  from  the 
corresponding  bin  and  dividing  the  difference  by  the 
standard  deviation  of  the  target  free  data  from  that  bin. 

In  this  way,  the  algorithm  solves  a  stationary  problem  with 
a  parametric  statistic. 

V.  The  Testing  Process 

The  testing  process  included  setting  a  threshold  based 
on  500  batches  of  target  free  data  with  a  constant  Weibull 
clutter  parameter.  The  program  repeated  this  process  with 
the  same  data  after  normalizing  it  using  the  method 
discussed  above.  Those  detectors  that  required  data  from 
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nor*  than  on*  batch  of  signals  us*d  overlapping  batches. 

For  example,  if  on*  t*st  us*d  batch**  on*  through  five,  th* 
next  t*st  would  us*  batch**  two  through  six. 

Most  of  th*  detectors  tested  for  this  project  suffered 
excessively  high  false  alarm  rates.  This  occurred  in  both 
the  stationary  and  the  nonstationary  target  data.  This 
problem  results  from  the  small  maximum  value  of  the 
statistics.  For  example,  if  the  sum  runs  over  twelve  bins 
(as  it  did  for  most  of  the  tests)  and  a  single  batch  of 
signals,  the  statistic  can  only  attain  twelve  distinct 
values.  With  500  trials  to  divide  among  the  twelve  values, 
even  the  maximum  value  attained  will  likely  have  well  more 
than  ten  entries.  Although  a  100  way  tie  for  the  maximum 
would  not  raise  the  threshold  beyond  that  value,  each  one 
of  thos*  100  measurements  would  count  as  a  detection. 

Thus,  the  algorithm  does  not  insure  the  false  alarm  rate. 

If  the  statistics  could  attain  higher  values,  either 
by  using  more  bins  or  by  looking  at  more  signal  batches, 
they  probably  would  perform  better.  However,  increasing 
the  number  of  bins  used  by  the  detector  would  tend  to 
dismiss  the  assumption  of  continuity.  Therefore,  the 
detectors  should  look  at  more  signal  batches.  This  would 
increase  the  amount  of  overlapping  of  batches  and  might 


reduce  the  accuracy  of  the  testa  because  each  consecutive 
test  would  use  almost  the  same  data. 


VI.  The  Statistics 

This  project  included  testing  four  nonparameteric 
statistics — the  Generalized  Sign  Test,  the  Mann-Whitney 
test,  the  Wilcoxon  test  and  the  Mode  test. 

The  statistic  for  the  Generalized  sign  test  is: 

N  K 

t  -  i  r  u(x  -x  ),  (l) 

i  n«l  k«l  ni  nk 

where  t  is  the  value  of  the  statistic  in  the  ith  bin, 
i 

N  is  the  number  of  batches  looked  at, 

K  is  the  number  of  bins  used, 

U(x)  is  the  Unit  function:  U(x)*0  for  x<0 

U(x)-1  for  x>*0,  and 

x  is  the  value  for  the  ith  bin  of  the  nth  batch, 
ni 

As  with  most  of  the  other  statistics  discussed  here,  it  had 
an  unacceptable  false  alarm  rate. 


The  statistic  for  the  Mann-Whitney  test  is: 

N  N  K 

t  »  E  E  E  U(x  -x  ).  (2) 

1  n**l  m-1  k*l  ni  mk 

This  statistic  performed  better  than  the  others  and  has  a 
particularly  beneficial  feature.  In  the  bins  near  the 
target  bin,  excluding  those  containing  target  data,  the 
probability  of  detection  becomes  very  low.  This  highlights 
the  target.  This  should  have  occurred  in  all  of  the 


detectors,  but  the  False  Alarm  Rate  overshadowed  it  in  the 
others . 

The  static  for  the  Wilcoxon  test  isi 
K 

t  -  E  k*U(y  )  (3) 

i  k-1  nik  ' 

where  y  is  the  kth  value  of  the  sorted  differences 
nik  (x  -x  ). 

ni  nk 

This  statistic  acts  exactly  like  the  Generalized  Sign  Test 
does  with  N»l.  Each  can  attain  only  K+l  distinct  values 
and,  therefore,  neither  can  discriminate  better  than  the 
other. 

The  statistic  for  the  Mode  Test  is: 

K 

t  -  E  U(M( x  -x  )),  (4) 

i  k»l  ni  nk 

where  M(x)  is  the  mode  over  100  batches. 

This  performed  worst  and  requires  the  most  information  to 
make  a  decision.  Possibly,  it  performed  so  poorly  because 
the  relatively  small  effect  of  the  target  could  not  change 
the  value  *of  the  target  bin  enough  to  increase  the  mode  for 
that  bin.  This  could  result  from  too  few  bins.  However, 
too  many  bins  could  result  in  ties  between  bins,  and  the 
statiitic  would  need  a  tie  breaking  criteria. 


VII.  Programming  the  Detectors 


The  general  approach  taken  in  programming  the 
algorithm  stressed  compatibility  and  modularity.  Compati¬ 
bility  with  the  data  format  of  the  MTI  program  allows 
relative  ease  in  the  generation  of  input  data  and  use  of 
the  MTI  plot  routine,  INTERPLOT.COM  (Note:  Any  string 
consisting  entirely  of  upper  case  letters  represents  a  file 
or  subroutine.  If  a  '.COM1,  a  '.DAT',  or  a  '.FOR'  follows 
the  string,  it  represents  a  Command  procedure,  a  data  file 
or  a  Fortran  source  program,  respectively.  If  the  string 
has  no  suffix,  it  represents  a  Fortran  subroutine.  The  MTI 
program  acts  like  a  Command  procedure  and  the  SS6  program 
acts  like  a  subroutine.)  Compatibility  with  each  other 
allows  for  minimization  of  redundant  code.  Modularity 
makes  the  code  easier  to  understand  and  modify.  One  effect 
of  the  modularity  shows  in  the  fact  that  the  subroutines 
for  each  detector  spread  over  three  files. 

Each  detector  requires  one  file  called  XMAIN.FOR 
(where  the  'X'  stands  in  place  of  the  'GST',  'MANN',  'COX' 
or  'GALA'  for  the  Generalized  Sign  Test,  the  Mann-Whitney 
test,  the  Wilcoxon  Test  or  the  Mode  Test,  respectively) 
which  contains  the  mainline  and  subroutines  unique  to  that 
program.  PREPARE  does  any  initialization  required 
specifically  for  a  particular  detector.  FINDT  calculates 


the  statistic  used  by  a  detector.  FINDT  in  the  Wilcoxon 
detector  requires  a  routine  to  sort  a  small  number  of 
values,  so  C0XMA1N.F0R  contains  a  subroutine,  BUBBLEY,  that 
performs  a  Bubble  sort.  The  mode  statistic  needs  routines 
to  make  bins,  find  which  bin  a  value  belongs  in  and  to 
delete  a  value  from  a  bin  and  to  find  which  bin  contains 
the  model  value,  so  GALAMAIN.FOR  contains  the  subroutines, 
MAKEBIN,  FINDBIN  and  DELFTEBIN,  and  the  function,  MODE. 

The  file  MASK. FOR  contains  the  source  code  for  most  of 
the  subroutines  shared  by  the  four  detector  programs. 

GPINIT  opens  the  PID  file  and  the  output  data  file  and 
initializes  the  arrays  used  in  the  normalization  process. 

It  also  writes  the  'Axis  for  the  Plots'  into  the  output 
data  file.  READX  and  WRITEX  read  and  write  data  in  almost 
the  same  format  as  the  MTI  program  does.  The  output  from 
WRITEX  differs  from  that  of  the  MTI  program  only  in  that 
WRITEX  puts  a  blank  line  between  the  string  used  to  find  a 
block  of  data  (the  finder)  and  the  first  line  of  that 
block;  the  MTI  program  does  not.  WRITEX  does  this  because 
INTERPLOT.COM  appears  to  assume  that  such  a  blank  line 
exists.  FOPEN  opens  a  file  in  the  MTIPT.DIR  directory  for 
reading.  THRESH  and  DETECT  do  almost  the  same  things. 

They  each  initialize  an  array,  call  PREPARE  and  call  FINDT 
once  for  each  batch  of  signals.  They  differ  in  that  TRESH 
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initialized  the  threshold  array,  ITHR,  calls  MISC  to  find 
the  mean  and  standard  deviation  for  the  normalization  and 
calls  FINDT  in  the  threshold  generation  mode.  Whereas, 
DETECT  initializes  the  detection  array,  1CNT  and  calls 
FINDT  in  the  detection  mode.  MISC  serves  two  major 
functions.  It  does  the  mathematics  for  the  normalization 
statistics  and  it  transfers  data  from  one  array  to  another 
for  WRITEX. 

The  third  file  of  subroutines  used  by  the  detectors, 
UTILITIES. FOR,  contains  the  source  code  for  the  sub¬ 
routines,  READTO,  ADJFIN  and  REPLACE.  The  detectors  use 
only  the  first  two  of  these,  whereas  the  data  generation 
programs  also  use  the  third.  The  next  section  contains  a 
discussion  of  all  three. 


VIII.  The  Data 

The  detection  programs  require  data  in  the  form  of  a 
series  of  signal  batches  transformed  into  PSD's.  Also, 
some  of  the  data  must  contain  nonstationary  clutter. 
Unfortunately,  the  SSG  program  produces  data  in  the  time 
domain  and  can  not  vary  its  parameters  while  it  runs,  and 
the  MTI  program  only  prints  a  PSD  for  the  maximum  and  the 
average  power  of  the  signals.  Thus,  production  of  the  data 
files  for  the  detectors  requires  a  large  amount  of  editing 
of  PID  files  and  output  files.  The  programs  and  routines 
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discussed  in  this  section  help  make  this  process  as 
painless  and  as  efficient  as  possible. 

Generation  of  the  signal  batches  containing 
nonstationary  clutter  requires  concatenation  of  several 
files  of  signal  batches  -  each  file  generated  with  a 
different  Weibull  clutter  parameter.  The  transformation  to 
doppler  frequency  bins  requires  running  the  MTI  program 
once  for  each  batch  and  concatenation  of  one  block  of 
output  data  from  each  run.  BLDIN.FOR,  BLDDAT.FOR  and 
BLDINDAT.FOR  perform  these  tasks.  A  user  can  write  a 
command  procedure  that  calls  these  programs  along  with  the 
MTI  program  and  the  SSG  program  in  batch  mode. 

BLDIN.FOR  edits  the  MTI  PID  file  and  the  SSG  PID  file. 
It  keeps  count  of  how  many  times  it  has  run  by  updating  the 
value  of  a  single  integer  in  the  file  INDAT.DAT.  Based  on 
this  value,  it  searches  through  a  file  called  IFDATA.DAT  to 
determine  which  file  it  should  edit,  into  which  which  file 
it  should  write  the  edited  version  and  in  which  file  it  can 
find  the  desired  changes.  Each  record  of  the  change  file 
contains  an  eight  character  finder  field  and  a  ten 
character  data  field.  BLDIN.FOR  calls  REPLACE  to  find  the 
line  with  the  finder  as  its  first  ten  characters  and 
replaces  the  data  field  from  the  old  PID  with  the  data 
field  from  the  change  file  in  the  new  PID. 
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BLDDAT.FOR  edits  and  concatenates  NTI  output  filaa  and 
SSG  output  filaa.  It  uaaa  tha  valua  in  INDAT.DAT  for  tha 
fila  from  which  to  read,  tha  fila  to  which  to  writa  and 
aoma  information  concerning  tha  data  tranafar.  That 
information  conaiata  of  an  aight  charactar  finder,  tha 
numbar  of  blocka  of  data  alraady  transferred,  tha  numbar  of 
blocka  to  tranafar  and  tha  numbar  of  linaa  in  aach  block  of 
data. 

BLDINDAT.FOR  alao  tranafara  SSG  output  data  from  ona 
fila  to  another  fila.  but  it  diaa  ao  for  a  different 
purpoae  than  BLDDAT.FOR  doaa.  Whan  tha  MTI  program  raada 
data  to  tranaform  into  PSD' a,  it  atarta  with  tha  firat 
block  of  data  in  tha  SSG  output  fila.  Thia  appaara  to 
contradict  tha  MTI  program  uaara  manual  that  indicatea  that 
tha  MTI  program  bagina  reading  tha  block  correaponding  to 
tha  variable  NBATCH  in  tha  MTI  PID  fila.  Tha  value  in 
INDAT.DAT  tall  BLDINDAT  where  in  MDAT.DAT  to  find  tha  namea 
of  tha  input  fila  and  the  output  fila  and  other  information 
concarning  tha  tranafar. 

UTILITIES. FOR  containa  tha  aourca  coda  for  two 
aubroutinea  shared  by  tha  detection  program  and  tha  data 
generation  programs  and  a  third  used  only  by  BLDIN.FOR. 
READTO  raada  records  from  ona  fila  and  writes  them  to  an 
optional  second  fila  until  it  matches  ona  aight  charactar 
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parameter  with  an  eight  character  field  (Motet  The  finder 
for  the  PZD  files  contains  a  variable  name.  The  finder  for 
an  output  file  consists  of  a  space,  followed  by  an  integer 
of  up  to  three  digits  followed  by  the  string,  'o'.)  in  the 
first  file.  This  match  must  start  in  the  column  indicated 
by  one  of  READTO's  parameters.  REPLACE  also  copies  data 
from  one  file  to  another,  but  when  it  finds  a  match,  it 
replaces  the  last  ten  characters  of  the  line  containing  the 
match  with  a  string  or  a  number  indicated  by  one  of 
REPLACE'S  parameters.  ADJFIN  changes  the  three  digit 
portion  of  a  finder  for  a  block  of  data  in  an  MTI  output 
file  or  an  SSG  output  file.  This  allows  the  data 
generation  programs  to  put  a  unique  finders  on  each  block 
of  data  and  allows  the  detection  programs  to  find  the  next 
block  of  data. 

IX.  Recommendations 

One  approach  to  try  involves  taking  the  sum  of  the 
differences  between  the  test  bin  and  its  neighboring  bins. 
This  would  have  the  same  effect  as  averaging  the  values  in 
the  neighboring  bins  and  subtracting  that  average  from  the 
value  in  the  test  bin.  As  the  number  of  neighboring  bins 
increases,  their  average  approach  a  constant  for  a 


particular  batch,  and  thia  statistic  acts  mors  like  tha  MTI 
da tact or. 

Ona  might  also  try  weighting  tha  affacts  of  tha  naarar 
neighbors  mors  than  tha  affacts  of  tha  further  neighbors* 
This  would  emphasize  tha  continuity  of  tha  clutter 
distributation  function.  Ona  could  do  this  with  tha 
statistics  discussed  in  this  report  or  tha  ona  just 
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The  various  parameters  which  have  been  used  to  characterize 
structure-media  Interaction  (S.M.I.)  modeling  Is  Investigated.  The 
SAMS0N2  dynamic  finite  element  code  used  by  AFWL  for  S.M.I.  problems 
uses  a  slldellne  model  to  determine  Interface  behavior.  It  Is  recommended 
that  the  slldellne  algorithms  In  SAMS0N2  be  modified  to  model  both  the 
friction  associated  with  soil  failure  and  sliding  near  the  Interface  and 
the  friction  associated  with  Interface  failure  and  sliding.  This  Is  In 
contrast  to  the  single  general  friction  model  currently  In  the  code. 

A  S.M.I.  element  should  then  be  developed  and  Installed  Into  the 
code  together  with  the  Matrix  Difference  Equation  Theory  algorithms. 
Experimental  testing  of  soil -structure  interaction  behavior  should  then 
be  conducted  In  order  to  better  estimate  the  parameters  governing  the  newly 
Installed  element. 
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I.  INTRODUCTION: 

The  behavior  of  a  structure  placed  on  or  burled  In  soil  Is  dependent 
upon  the  material  properties  of  both  the  structure  and  the  soil,  as  well  as 
the  characteristics  of  the  applied  loads.  Under  dynamic  loading, 
structure-media  Interfaces  may  separate,  exhibit  relative  displacement,  and 
Impact  together  many  times  during  the  loading  duration.  This  type  of 
Interface  behavior  Is  very  difficult  to  model  for  analysis,  and  computer 
codes  that  have  capabilities  to  simulate  these  phenomena  require  a 
comparatively  large  amount  of  computational  time  to  determine  this 
behavior.  Ultimately,  the  goal  of  Structure-Media  Interaction  (S.M.I.) 
research  Is  to  develop  a  computer  model  which  correctly  simulates  test  data 
of  Interface  behavior,  while  minimizing  computer  computational  time 
required  for  obtaining  a  solution. 

Employees  at  the  Air  Force  Weapons  Laboratory  (AFWL)  at  Klrtland 
Air  Force  Base  currently  use  the  SAMS0N2  computer  code  for  dynamic  finite 
element  analysis  of  soil -structure  Interface  effects  on  structural 
response  (1).  AFWL  personnel  use  this  code  extensively  In  the  analysis  of 
structures  subject  to  nuclear  blast  loadings.  Much  of  the  computational 
time  required  for  solution  by  SAMS0N2  Is  used  by  the  complex  algorithms 
that  model  S.M.I.  These  two  facts  show  that  there  Is  a  definite  need  to 
make  the  SAMS0N2  S.M.I.  model  more  accurate  and  time  efficient. 

II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT: 

The  Initial  goal  of  the  research  effort  was  to  effect  computational 
efficiencies  In  the  numerical  algorithms  of  continuum  finite  element 
computer  codes  used  In  dynamic  S.M.I.  analysis.  As  a  means  of  accomplish¬ 
ing  this  goal  the  SAMS0N2  code  was  used.  This  code  Is  a  state-of-the-art 
dynamic  finite  element  computer  code  undergoing  development  within 
AFWL/NTE. 

The  goal  stated  above  was  to  be  accomplished  by  Investigating  three 
research  task  areas.  These  three  task  areas  were  all  under  the  direction 
of  Professor  Harold  C.  Sorensen,  SFRP.  This  paper  deals  specifically  with 
Task  Area  Number  2  of  the  goal: 

Task  Area  No.  2  -  Begin  the  development  of  a  soil -structure 

Interaction  element  which  Is  both  compatible 
with  the  Matrix  Difference  Equation  (M.D.E.) 


JUbai*3i 


theory  and  the  current  numerical  Integration 
schemes  of  the  SAMS0N2  code. 

a.  Become  familiar  with  the  parameters  which  have  been  used  to 
characterize  S.M.I.  modeling. 

b.  Formulate  an  element  which  takes  these  parameters  Into 
consideration  for  use  In  the  SAMS0N2  code. 

c.  Implement  the  new  element  Into  the  SAMS0N2  code  and  run  test 
solutions. 

This  description  provided  an  Initial  scope  and  direction  for  the 
research. 

As  research  progressed  It  became  apparent  that  the  S.H.I.  model 
currently  used  In  the  SAMS0N2  code  contained  Inaccuracies  that  could  be 
solved  relatively  quickly.  (The  S.H.I.  slldellne  and  the  S.M.I.  element 
are  two  unique  types  of  modeling  techniques;  they  will  be  discussed  In 
detail  later.)  Thus  the  objectives  for  this  research  were  slightly  changed 
so  that  the  existing  model  could  be  modified.  This  would  result  In  a  more 
Immediate  Improvement  to  the  SAMS0N2  code  than  the  development  and 
Installation  of  an  S.M.I.  element. 

Since  research  was  focused  on  the  current  S.M.I.  slldellne  model,  the 
objective  concerning  S.M.I.  models  and  M.D.E.  theory  compatibility  was 
temporarily  dropped  from  consideration.  This  dismissal  was  due  to  the  fact 
that  the  M.D.E.  theory  Involves  element  numerical  algorithms  while  the 
slldellne  concept  Involves  boundary  conditions  and  Interface  failure  models 
only.  However,  the  ultimate  goal  Is  still  to  develop  a  S.M.I.  element 
compatible  to  both  the  current  SAMS0N2  code  and  a  SAMS0N2  code  utilizing 
M.O.E.  theory. 

III.  APPROACHES  TO  LEARNING  THE  SAMS0N2  CODE  AND  S.M.I.  MODELING  THEORIES 

In  order  to  Implement  any  modifications  to  the  SAMS0N2  code  It  became 
necessary  to  understand  the  theory  and  Input  parameters  associated  with  the 
code.  This  task  seemed  of  primary  Importance  since  the  research  period  was 
only  ten  weeks  long  and  most  of  the  experts  on  the  code  were  employees  at 
AFWL.  The  first  four  weeks  of  the  research  period  were  used  primarily  for 
running  sample  problems,  reading  both  the  SAMS0N2  Theory  Manual  (1)  and  the 
User's  Manual  (12),  and  discussing  difficult  concepts  with  AFWL  personnel 
for  greater  understanding. 


Figure  1.  Slideline  Model  Example 
After  this  Initial  learning  period,  I  began  to  study  the  S.M.I. 
slideline  theory  and  the  failure  theories  that  are  used  In  the  SAMS0N2 
code.  This  period  consisted  of  approximately  three  weeks. 

The  final  three  weeks  were  then  used  to  learn  the  different  models 
that  have  been  developed  for  S.M.I.  problems.  During  this  period,  work  was 
also  done  toward  compiling  existing  S.M.I.  test  data  and  preparing  this 
final  report. 


IV.  STRUCTURE-MEDIA  INTERACTION  MODELS 


The  present  version  of  the  SAMS0N2  code  uses  a  slldeline  Interface 
model  to  simulate  S.M.I.  Other  models  have  been  developed.  One  Is  a 
S.M.I.  finite  element  which  would  have  the  properties  of  the  S.M.I. 
Interface.  Another  approach  Is  to  use  special  constitutive  equations 
for  the  media  elements  directly  adjacent  to  the  structure.  What  follows 
is  a  brief  explanation  of  the  slldeline,  the  finite  element,  and  the 
constitutive  equation  modeling  methods. 

A.  Slldeline  Model 

The  slldeline  Interface  model  allows  structure  nodes  and  media 
nodes  to. relatively  displace,  separate  and  Impact.  Initially,  the 
media  nodes  and  structure  nodes  occupy  the  same  coordinates  as  shown 
In  Figure  1(a).  During  the  analysis  the  media  nodes  are  allowed  to 
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break  free  from  the  structure  material  If  the  stress  state  exceeds  a 
prescribed  failure  envelope.  If  the  node  breaks  free.  It  Is  displaced 
freely  over  the  time  step  duration  and  the  coordinates  of  the  final 
position  are  stored  as  In  Figure  1(b).  If  the  node  does  not  break 
free,  it  Is  considered  fixed  to  the  structure  and  the  regular  dynamic 
finite  element  method  utilized  by  SAMS0N2  Is  applied  to  determine 
element  stresses. 

After  the  free  nodes  are  displaced,  the  final  coordinates  of 
these  nodes  are  checked  against  two  boundary  conditions.  The 
first  test  Is  to  determine  If  the  media  node  entered  the  structural 
material  as  the  top  node  has  in  Figure  1(b)}  If  the  coordinates  of 
the  node  are  determined  to  exist  inside  the  structure,  the  media  node 
Is  simply  put  back  on  the  slideline  at  a  location  nearest  to  the 
displaced  coordinates.  A  friction  law  is  applied  during  the  sliding 
and  the  final  coordinates  are  stored. 

If  the  coordinates  of  the  node  are  determined  to  not  be 
Inside  the  structure,  then  the  node  Is  checked  to  see  if  It  Is 
within  a  perpendicular  "capture"  distance  of  the  structure.  The 
capture  distance  is  a  numerical  parameter  used  to  determine  If  a 
structure-media  friction  law  should  apply  over  the  movement.  If  the 
node  exists  within  the  capture  distance,  the  friction  law  is  applied 
over  the  movement  4nd  the  node  Is  placed  back  on  the  slideline.  If 
the  node  Is  outside  the  capture  distance,  then  it  is  said  to  be  free 
and  Its  final  coordinates  are  not  changed.  The  capture  distance 
dimension  is  usually  taken  to  be  C.D.  25{  l  x  10  "7  )  x  D 
where  0  Is  the  nodal  spacing  (2). 

The  interface  failure  model  used  in  the  SAMS0N2  code  is  a 
bl-linear  failure  envelope  initially  developed  by  Robert  Frank  (5). 

The  envelope  is  shown  in  Figure  2.  This  failure  envelope  simulates 
Interface  failure  as  well  as  soil  failure  near  the  interface.  The 
normal  and  shear  stresses  existing  across  the  interface  are  compared 
with  this  envelope  governed  by  the  equation: 

'  C  +  CTjvj  TAN  Cj6 


failure  shear  stress  at  interface 
soil  cohesion 
adhesion  at  interface 
compressive  normal  stress  at  interface 
internal  angle  of  friction  of  soil 
angle  of  friction  at  interface 
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Figure  2  -  BILINEAR  S.M.I.  FAILURE  ENVELOPE 
If  the  interface  tangential  stress  T  <  ,  then  the 

interface  remains  bonded  and  no  slip  occurs.  If  .  then  slip 

occurs  and  frictional  stresses  act  on  either  side  of  the  interface 
according  to  the  maximum  value  calculated  from  the  equation: 


T=  MAX 


f  pCAV 


where  7*  *  shear  friction  transferred 
pC  ■  soil  shear  Impedance 

AV  *  relative  tangential  velocity  of  the  two 
surfaces  across  the  Interface 
fji  *  coefficient  of  kinetic  friction 

*  compressive  normal  stress  at  Interface 

According  to  an  unfinished  report  written  by  AFWL  personnel  (8) 
the pC£/  friction  model  does  not  work  properly  In  the  current  version 
of  the  SAMS0N2  code.  Current  practice  at  AFWL  Is  to  use  f±*  0.2  and 
set  the  shear  Impedance  to  zero. 

Major  problems  with  the  slldellne  Interface  model  Include  energy 
losses  due  to  node  updating.  Inadequate  friction  modeling  and  large 
computational  times  required  to  keep  track  of  the  movements  of  the 
nodes.  However,  the  advantages  of  the  slldellne  model  are  Its  ease  of 
concept  and  the  simplicity  associated  with  the  governing  parameters. 


B.  Structure-Media  Interaction  Element 

Another  method  of  S.M.I.  modeling  Is  to  place  a  unique  finite 
element  between  each  of  the  structure  elements  and  the  Interacting 
media  elements.  Figure  3  shows  Its  location  In  the  model.  This 
element  should  possess  the  unique  properties  of  the  structure-media 
Interface.  Future  model  development  should  allow  for  element 
expansion,  contraction,  large  relative  displacement  between  structure 
and  media,  plastic  flow,  and  shear  and  normal  stress  transfer. 


UNDISTORTED  INTERFACE  DISTORTED  INTERFACE  DISTORTED  INTERFACE 

Shear  Distortion  Shear  and  Normal 

Distortion 

Figure  3.  STRUCTURE -MEDIA  INTERACTION  ELEMENT  EXAMPLE 
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One  disadvantage  of  the  S.M.I.  element  Is  Its  aspect  ratio. 
Dynamic  finite  element  analysis  uses  time  step  Integration 
techniques.  Since  the  S.M.I.  element  has  one  relatively  short 
side,  the  allowable  time  step  for  the  entire  structure  would  be 
governed  by  this  element,  although  multiple  Integration  time  step 
capabilities  built  Into  the  SAMS0N2  code  would  help  decrease  this 
problem.  Another  disadvantage  of  the  S.M.I.  element  Is  the 
Inability  of  the  model  to  handle  large  relative  displacements. 

However,  the  primary  advantage  of  the  S.M.I.  element  Is  the  small 
amount  of  computational  time  required  for  solution  compared  to  the 
time  required  by  the  slldellne  algorithms.  These  slldellne  algorithms 
must  perform  a  computational  search  to  determine  the  nearest 
structural  element  to  each  media  node.  This  function  Is  quite 
cumbersome  since  the  code  must  do  this  for  every  time  step.  However, 
each  S.M.I.  element  Is  geometrically  defined  by  nodes  which  are 
associated  with  the  element  during  the  entire  analysis,  thus 
eliminating  the  need  for  searching  algorithms. 

C.  Constitutive  Equations  Model 

Professor  Howard  L.  Schreyer,  an  associate  of  the  New  Mexico 
Engineering  Research  Institute  (N.M.E.R.I.)  has  recently  conducted 
some  studies  involving  a  constitutive  model  approach.  The 
following  information  was  gathered  during  an  Interview  with 
Professor  Schreyer  (11). 

Assume  that  the  media  being  analyzed  is  soil.  It  Is 
"reasonable  to  assume"  that  the  soil  near  the  Interface  deforms 
more  than  the  soil  further  away.  This  is  depicted  graphically  In 
Figure  4.  If  we  observed  the  actual  deformation  of  the  element, 
we  might  see  the  deformation  in  Figure  4(b).  This  type  of 
deformation  cannot  be  modeled  using  linear  displacement  functions, 
and  quadratic  displacement  functions  would  Increase  computational 
times  excessively.  Professor  Schreyer  suggests  that  we  model  the 
deformation  with  linear  displacement  functions,  but  model  the 
Internal  stresses  with  constitutive  equations  that  simulate  the 
curved  dashed  lines  as  in  Figure  4(c).  This  method  has  been 
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designated  as  the  "smeared”  approach.  Since  this  theory  Is  still 
under  development,  no  advantages  or  disadvantages  of  the  approach 
can  be  given. 
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Figure  4.  CONSTITUTIVE  EQUATIONS  APPROACH  EXAMPLE 
V.  RECOMMENDATIONS 

At  this  point  a  review  of  the  main  objective  of  this  research 
is  in  order,  i.e.,  to  effect  computational  efficiencies  In  the 
numerical  algorithms  of  continuum  finite  element  computer  codes  used 
in  dynamic  soil -structure  Interaction  analyses.  This  paper  deals 
specifically  with  Task  Area  Number  2  which  is  to  begin  the  development 
of  a  soil -structure  interaction  element  which  is  both  compatible  with  the 
Matrix  Difference  Equation  theory  and  the  current  numerical  integration 
schemes  of  the  SAMS0N2  code.  The  following  recommendations  pertain  to 
these  areas. 

1.  Modify  the  Current  Slideline  Model  in  the  SAMS0N2  Code.  While 
the  concept  of  the  slideline  is  designed  to  model  both  media  and 
interface  failure  as  depicted  in  Figure  5,  the  friction  equation 
employed  after  failure  is  the  same  for  both  media  and  interface 
sliding.  This  model,  which  is  utilized  in  the  current  version 
of  SAMS0N2,  uses  fiG ^  or  pQ/\\/  for  shear  stress  transfer 
regardless  of  which  mode  of  failure  has  occurred.  It  seems 
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reasonable  to  assume  that  using  different  friction  equations  for 
different  failure  modes  would  be  more  accurate.  This  area  should 


be  Investigated. 

At  AFWL,  the  pCAV  equation  for  sliding  friction  Is  not 
used  since  the  portion  of  the  code  containing  this  equation  does 
not  work  properly.  This  Is  documented  in  an  AFWL  report  written 


by  Lt.  6.  lelker  (8).  This  situation  should  be  corrected  since 
the  pCAV  model  was  stated  as  being  the  most  theoretically 
accurate  in  another  AFWL  study  (7).  Current  practice  at  AFWL  Is 
to  set  pC  equal  to  zero  and  assign  Um  0.2  (9). 


Ss 


FAILURE  MODES 


Figure  5.  SCHEMATIC  OF  FAILURE  MOOES 


2.  Develop  a  Structure-Media  Interaction  Element  and  Install  it 


movement  of  the  slideline  are  better  known,  the  development 
of  a  new  S.M.I.  element  should  begin.  This  element  will  be 
computationally  more  efficient  than  the  slideline.  The  new 
element  should  also  be  compatible  with  the  Matrix  Difference 
Equation  theory  which  is  described  under  Task  Area  Number  1  of 


the  main  objective.  This  theory  Is  quite  new  and  quite 
complicated  and,  hopefully,  the  time  associated  with  fixing 
the  slldellne  first  will  provide  enough  time  for  the  Matrix 
Difference  Equations  Installation  and  the  S.M.I.  element 
Installation  to  begin  concurrently. 

3.  Begin  an  Experimental  Test  Program  to  Better  Estimate  the 
Parameters  Governing  Soil -Structure  Interaction.  Currently, 
there  is  only  a  small  reservoir  of  accurate  structure-media 
Interaction  test  data.  Although  models  have  been  developed 
from  these  data,  more  tests  need  to  be  conducted  to  decrease 
the  Inaccuracies  Involved  with  S.M.I.  modeling. 
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PHOSPHOLIPID  METABOLISM  IN  A  SYNAPTIC  MEMBRANE 


PREPARATION  ISOLATED  FROM  CEREBELLAR  CORTEX 


Scott  8.  Bischoff 
and 

Robert. V.- Dorman  Ph.D. 
ABSTRACT 


The  cerebellum  Is  Involved  is  Che  control  of  voluntary  motor  activity. 
In  turn,  the  functioning  of  Che  cerebellum  depends  os  the  membrane  phe¬ 
nomena  related  to  the  uptake,  release  and  effects  of  neuro transmitters. 

We  have  examined  some  aspects  of  membrane  biochemistry  in  a  synaptic 
preparation  isolated  from  bovine  cerebellar  cortex.  We  have  detailed 
some  metabolic  pathways,  in  order  to  obtain  basic  information  on  the 
interactions  of  neurotransmicters  and  excitable  membranes.  We  employed 
a  purified  gomeruli  fraction,  which  contains  intact  synaptic  structures, 
for  investigation  of  phospholipid  metabolism. 

The  purified  glomeruli  fraction  contains  the  echanolamine  and  choline 
phosphotransferase  enzymes.  These  enzymes  are  necessary  for  Che  synthesis 
of  the  major  membrane  phospholipid  components.  We  characterized  these 
enzymes  and  estimated  their  kinetic  constants.  The  properties  of  these 
enzymes  are  similar  to  chose  reported  for  ocher  brain  regions.  We  also 
found  that  Che  glomeruli  particles  can  incorporate  exogenous  fatty  acids 
into  the  membrane  lipids.  This  mechanism  may  be  used  for  further  studies 
on  the  complex  relationship  between  neuro  transmission  and  membrane  lipid 
metabolism. 
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I.  INTRODUCTION: 


Describiog  the  mechanisms  involved  in  the  uptake,  release  and 
effects  of  neuro transmitters  are  important  problems  in  neuroscience 
research.  Neurotransmitters  are  synthesized,  stored  and  released  by 
neurons.  They  act  as  chemical  signals  for  interneuronal  communications, 
by  interacting  first  with  the  plasma  membrane  of  the  target  cells. 
Opportunities  for  controlling  nervous  system  activities  can  be  logically 
developed  only  through  an  understanding  of  the  complex  processes  in¬ 
volved  in  the  movement,  binding  and  metabolism  of  the  neuro transmitters. 

The  uptake  and  release  of  neurotransmitters  requires  alterations 
in  the  structure  of  the  membranes  involved.  Biological  membranes  act 
as  barriers  to  molecular  movement  due  to  the  presence  of  the  hydro- 
phobic  core  of  the  phospholipid  bilayer.  Large,  or  charged  components, 
such  as  neurotransmitters,  require  special  mechanisms  for  transmembrane 
movement.  The  processes  that  neuronal  membranes  use  for  such  transport 
activities  are  unclear.  However,  a  role  for  the  bilayer  phospholipids 
in  such  mechanisms  is  certain. 

The  structure  of  all  biological  membranes  depends  on  an  exact  comp¬ 
lement  of  the  various  phospholipid  classes.  The  proportion  of  each 
class,  and  the  molecular  species  within  each  class  varies  with  the  cell 
type.  It  has  been  shown  that  the  phospholipids  are  more  metabolically 
active  in  cells  which  require  more  transmembrane  molecular  movement. 

For  example,  neurons  synthesize  and  degrade  phospholipids  at  a  faster 

1  2 

rate  than  glial  cells  ’  ,  and  neurotransmitters  have  been  shown  to  stim- 

345 

ulate  phospholipid  metabolism  ’  ’  . 

The  exact  relationship  between  lipid  metabolism  and  nervous  system 
functions  is  poorly  defined.  It  is  uncertain  which  phospholipids  and 
which  metabolic  pathways  are  involved  in  the  processes  of  transmembrane 
molecular  movement  and  signalling.  Discrepancies  have  arisen  due  to 
Che  lack  of  a  reliable  model  system.  Reports  have  been  described  for 
different  membrane  preparations,  tissue  sources  and  analytical  procedures 

In  order  to  investigate  membrane  biochemistry,  as  it  is  related  to 
chemical  transmission,  an  appropriate  model  must  be  used.  The  integrity 
of  the  pre-  and  post-synaptic  connections  should  be  maintained.  Peri- 


pheral  interference  In  metabolic  studies  should  be  minimized.  The 
membranes  must  be  intact,  easily  extracted  and  accessible  to  manipu¬ 
lations.  Synaptosomal  preparations  are  commonly  used  to  study  the 
biochemical  mechanisms  related  to  neuro transmit ter  uptake  and  stimula¬ 
tion-secretion  coupling  in  neurons.  However,  most  synaptosomal  prep¬ 
arations  are  heterogenous  in  source  and  are  usually  devoid  of  intact 
synaptic  connections. 

The  purified  glomeruli  fraction  (PGF)  used  in  the  following 
studies  provides  a  useful  model  for  investigations  of  synaptic  bio¬ 
chemistry.  The  PGF  is  prepared  from  cerebellar  cortex  and  contains 
the  synaptic  elements  from  the  connections  of  the  mossy  fiber  neurons 
with  the  granule  cells.  This  area  of  the  cerebellum  shows  conver¬ 
gence  and  divergence  of  electrical  Information,  which  indicates  inte¬ 
grative  capabilities.  The  isolated  glomeruli  particles  have  been 

shown  to  be  morphologically  intact,  highly  purified  and  metabolically 
7  8  9  10  11 

preserved.  *  *  ’  '  Thus,  the  PGF  is  a  synaptic  preparation  derived 

from  a  homogenous  and  morphologically  well-defined  source,  and  yet  is 
metabolically  active  and  diverse. 

In  order  to  use  PGF  for  biochemical  investigations  of  lipid 

involvement  in  neuro transmission,  some  amount  of  characterization 

must  be  done.  Although  the  phospholipid  content  and  composition  of 

12 

the  cerebellum  is  similar  to  that  in  other  brain  regions,  there  are 
no  studies  available  on  the  normal  phospholipid  synthetic  pathways  in 
this  brain  region.  The  investigations  described  in  this  report  were 
designed  to  examine  the  rates  of  synthesis  of  some  major  membrane  phos¬ 
pholipids  and  to  determine  the  ability  of  the  synaptic  fraction  to 
incorporate  radiolabeled  fatty  acids  into  the  complex  lipids.  Comple¬ 
tion  of  these  studies  provides  the  basis  for  more  detailed  investiga¬ 
tions  into  the  relationship  between  membrane  phospholipids  and  neuro¬ 
transmitter  actions  in  the  purified  glomeruli  fraction. 

II.  OBJECTIVES : 

the  general  goal  of  this  research  project  was  to  investigate  some 
of  the  phospholipid  metabolic  pathways  in  a  synaptic  preparation  from 
cerebellar  cortex,  and  relate  these  findings  to  the  uptake  and  release 


of  neuro transmitters  by  neurons.  Ue  performed  these  experiments  with 
a  well-defined,  homogenous  synaptic  membrane  preparation,  in  order  to 
clarify  some  neurotransmitter/membrane  interactions  in  the  cerebellum 
in  particular,  and  nervous  tissue  in  general. 

The  specific  aims  of  the  research: 

1.  Assess  the  activities  of  the  choline  and  ethanolamine  phospho¬ 
transferase  enzymes,  and  determine  the  effects  of  cations,  nucleo¬ 
tides  and  neurotransmitters  on  their  activities 

2.  Relate  the  changes  in  membrane  lipid  metabolism  to  neuro transmit ter 
effects  by  isotopically  labeling  the  membrane  lipids. 

3.  Investigate  the  effects  of  exogenous  phospholipids  on  the  uptake 
of  neurotransmitters  by  neuronal  elements. 

III.  CHOLINE  AND  ETHANOLAMINE  PHOSHOTRANSFERASES : 

(a)  Ethanolamine  and  choline  glycerophospholipids  are  quantitatively 
the  most  important  phospholipids  in  animal  cellular  membranes.  The  final 
step  in  cheir  syntheses  are  catalyzed  by  CDPethanolamine:l,2-diacylglycerol 
ethanolaminephospho transferase  (Ethanolamine  phosphotransferase,  EPT; 

EC.  2. 7. 8.1)  and  CDPcholine:l,2-diacylglycerol  cholinephosphotransferase 
(Choline  phosphotransferase,  CPT;  EC.  2. 7. 8. 2),  respectively.  Both  enzymes 
use  1,2-diacylglycerols  as  one  substrate  and  either  CDPethanolamine  or 
CDPcholine  as  the  other  substrate  (Fig.  1). 

CPT 

CDPcholine  +  1, 2-diacylglycerol  choline  glycerophospholipid  +  CMP 

(CDPethanolamine)  (ethanolamine  glycerophospholipid) 

Figure  1.  Final  step  in  the  synthesis  of  the  choline  and  ethanolamine 
glycerophospholipids 

The  phosphotransferase  enzymes  were  first  identified  in  liver 
13 

membrane  preparations.  Since  then  they  have  been  identified  in  whole 
14  15 

brain  microsomes,  purified  myelin  preparations  and  synapcosomes 
derived  from  cerebral  cortex.  These  important  enzymes  have  not  been 
examined  in  cerebellar  membrane  preparations.  We  attempted  to  Identify 
and  characterize  these  enzymes  in  the  PGP,  in  order  to  gain  some  basic 
information  on  the  metabolism  of  membrane  lipids  prior  to  investigations 


of  neurotransmitter/membrane  inccrac cions  in  Che  glomeruli  synapcic 
fraccion. 

(b)  Methods  and  Results: 

The  membrane  preparation  employed  was  the  purified  glomeruli  part¬ 
icles  isolated  from  bovine  cerebellar  cortex.  The  PGF  was  prepared  as 
follows:  Bovine  cerebellar  vermis  was  removed  by  dissection  and 
homogenized  in  9  volumes  of  0.3  M  sucrose.  The  homogenate  was  filtered 
to  remove  debris,  then  was  centrifuged  at  1000  g  for  10  minutes.  The 
pellet  was  resuspended  in  0.3  M  sucrose  and  was  centrifuged  again  at 
1000  g  for  10  minutes.  The  resultant  pellet  was  resuspended  in  18Z 
Ficoll,  dissolved  in  0.3  M  sucrose,  and  was  centrifuged  at  7500  g  for 
40  minutes.  The  supernatant  was  diluted  50Z  in  0.3  M  sucrose  and  was 
centrifuged  at  20,000  g  for  20  minutes.  That  pellet  was  resuspended  in 
30  ml  of  0.3  M  sucrose  and  5  ml  aliquots  were  layered  onto  25  ml  of 
1.2  M  sucrose.  The  PGF  was  pelleted  by  centrifugation  at  53,000  g  for 
60  minutes.  The  PGF  was  resuspended  in  0.32  M  glucose  and  this  suspen¬ 
sion  was  diluted  10-fold  in  buffer  for  the  enzyme  assays. 

o 

The  phosphotransferase  assays  were  carried  out  at  37  C  in  a  volume 
of  1.0  ml.  Typical  incubations  contained  1-2  mg  of  PGF  protein  and 
40  nCi  of  either  ^C-CDPethanolamine  or  ^^C-CDPcholine  (both  at  2  nCi/nmol) 
in  10  mM  Tris-HCl  buffer  at  pH  7.45.  Choline  phosphotransferase  (CPT) 
assays  normally  contained  100  mM  MgCl2,  while  ethanolamine  phosphotrans¬ 
ferase  (EPT)  assays  contained  10  mM  MnClj.  The  incubations  were  stopped 
by  the  addition  of  5  ml  of  chloroform:methanol  (2:1,  v:v)  and  the  total 
lipids  were  extracted  according  to  Folch  e£  al. *  The  incorporation  of 
radiolabeled  substrates  was  determined  by  liquid  scintillation  counting 
of  the  total  lipid  extract  in  a  Beckman  LS-230  counter.  Aquasol  II  was 
the  cocktail  used.  The  results  are  typically  expressed  as  nmol  lipid 
synthesized/hour/mg  PGF  protein. 

1.  Time  course  of  isotope  incorporation: 

Ethanolamine  and  choline  phosphotransferase  enzymes  incorporated 
the  radiolabeled  precursors  in  a  linear  fashion  for  up  to  30  minutes 
(Fig.  2).  Subsequent  assays  were  performed  for  30  minutes  to  insure 
adequate  isotope  incorporation  without  risking  the  loss  of  enzyme 
activities. 
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Figure  2.  Time  course  of  incorporation  of  either  C-CDPcholine  or 
14 

C-CDPethanolamine  into  the  corresponding  phospholipids  by  PGF.  The 
assay  conditions  are  described  above. 

2.  Protein  dependence  of  isotope  incorporation: 

Assays  were  performed  to  determine  if  the  incorporation  of  isotopes 
was  dependent  on  the  concentration  of  enzymes.  Me  found  that  the  races 
of  phospholipid  synthesis  were  dependent  on  the  amount  of  enzyme  present 
(Fig.  3).  We  also  found  chat  both  EPT  and  CPT  were  completely  inhibited 
by  exposure  to  100° C  for  10  minutes. 


Figure  3.  The  dependence  of  EPT  and  CPT  activities  on  Che  concen¬ 
tration  of  PGF  protein.  Assays  were  the  same  as  described,  except 
the  concentration  of  PGF  protein  was  varied. 


3.  Cation  affects  on  phosphotransferase  activities: 

Both  enzymes  rare  assayed  in  the  presence  of  various  concentrations 

++  44.  +4. 

of  Ca  ,  Mg  and  Mh  ,  as  well  as  EDTA,  a  cation  chelator.  EPT  was 

++  (  | 

most  active  in  the  presence  of  Mn  ,  while  CPT  required  Mg  for  optimal 

4^ 

activity.  The  presence  of  Ca  or  EDTA  markedly  inhibited  both  enzymes 
(Table  1). 

Table  1.  Cation  dependence  of  EPT  and  CPT.  Assays  were  performed 
as  previously  described,  except  the  cations,  and  their  concentra¬ 
tions,  were  varied. 

nmol/hr/mg  protein 

Addition  (tnM)  0.01  0.1  1.0  10  20  100  200 

CPT 

Mg++: 

EPT 
CPT 

Mn++: 


Ca++: 


4 .  The  pfi 
Enzyn 
the  option, 
a  pH  optin 


Figur« 

Assay: 


V  *.• ■ 


5.  Enzyme  kinetics  Cor  EPT  sod  CPT: 

The  final  stsp  In  cherec ter 1 zing  the  phosphotrensferese  enzymes 
In  PGF  wee  determination  of  the  kinetic  constants  Km  and  Vtaax.  Appar¬ 
ent  Km  values  were  estimated  for  both  substrates  with  each  enzyme  by 
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varying  the  concentrations  of  exogenous  dlacylglycerol  and  C-CDP- 
amines.  The  Km  values  for  dlacylglycerol  were  determined  by  incubeting 
the  PGF  with  0.5  -  10.0  mM  diolein.  CDPamine  concentrations  were  varied 
from  5  -  100  uM.  The  estimated  kinetic  constants  are  shown  in  Table  2. 

Table  2.  Kinetic  estimates  of  apparent  Km  and  Vmax  for  CPT  and  EPT. 
Assays  were  performed  as  before,  except  the  concentrations  of  CDP- 
amlnes  and  diolein  were  varied.  The  diolein  was  suspended  in  0.02Z 
Triton  X-100. 

Vmax  Km  dlolein  Km  CDPamine 

(nmol/hr/mg  prot)  (mM)  (uM) 


6.  The  effects  of  hypotonic  lysis  of  PGF  vesicles  on  phosphotransferases 
activities. 

It  has  previously  been  shown  that  hypotonic  lysis  of  cerebral 
cortical  synaptosomes  resulted  in  a  3-fold  Increase  in  the  ectivlties 
of  the  phosphotransferase  enzymes.16  The  authors  suggested  that  moat 
of  the  enzyme  molecules  were  sequestered  inside  Che  synaptosomes  and 
were  unavailable  to  the  radioactive  substrates.  We  lysed  our  PGF 
vesicles  by  placing  them  in  5  mM  Trie  buffer  and  storing  them  at  4°C 
for  60  minutes  prior  to  Incubation.  Unlike  what  was  found  with  cerebral 
cortex  synaptosomes,  we  found  no  enhancement  of  enzyme  activities  follow¬ 
ing  hypotonic  lysis  (Table  3).  The  phosphotransferases  in  the  PGF  are 
readily  accessible  to  exogenous  substrates.  Therefore,  the  glomeruli 
particles  are  devoid  of  trapped  membranes,  such  as  endoplasmic  reticulum. 

Table  3.  Effects  of  hypotonic  lysis  and  various  buffer  concentrations 
on  the  activities  of  CPT  and  EPT. 

nmol/hr/mg  protein 

Tris  (mM)  5  10  50  (60 1  lysis)  5  10  50 


vv 


7.  Th*  effaces  of  oudeoeides  sod  neuro transmitters  on  CPT  and  EPT: 

Changes  in  the  activities  of  CPT  and  EPT  would  alter  the  structure 
of  the  synaptic  membranes.  Any  changes  in  structure  would  alter  the 
permeability  properties  of  the  membrane,  as  wall  as  the  activities  of 
membr ana-bound  enzymes.  Therefore,  phospholipid  metabolism,  through 
alterations  of  phosphotransferase  activities,  may  provide  a  mechanism 
for  the  membrane  changes  related  to  neurotransmitter  functions.  We 
examined  the  effects  of  various  neurotransmitters  and  nucleotides  on 
the  activities  of  CPT  and  EPT  in  the  synaptic  membrane  preparation. 

We  found  that  the  enzymes  were  affected  by  some  of  these  compounds 
(Table  4). 

Table  4.  The  effects  of  neuro transmitters,  agonists  and  nucleotides 
on  phosphotransferase  activities  in  PGF.  The  assays  were  performed  as 
before,  except  for  the  additions  listed  in  the  table  and  the  use  of 
20  uM  CDPcholine  and  CDPethanolamine. 

nmol/hr/mg  protein  ±  SO 


Addition (1.0  mM _ EPT _ CPT 


none 

1.425  +  0.085 

2.608  ±  0.102 

ATP 

1.599  ±  0.063 

2.652  +  0.098 

cAMP 

1.490  ±  0.074 

2.746  ±  0.053 

CTP 

1.147  +  0.113 

3.548  ±  0.352 

CDP 

1.212  +  0.052 

3.776  ±  0.499 

CMP 

0.931  t  0.024 

3.755  ±  0.371 

5-HT 

1.427  +  0.058 

2.619  t  0.112 

GABA 

1.439  ±  0.055 

2.703  ±  0.086 

Muscimol 

1.440  ±  0.059 

2.625  ±  0.081 

Carbamyl choline 

1.461  +  0.086 

2.729  i  0.093 

Summary  of  results  of  the  experiments  with  EPT  and  CPT: 

1.  Bovine  cerebellum  contains  EPT  and  CPT 

2.  CPT  is  approximately  twice  as  active  as  EPT 

3.  Both  enzymes  have  pH  optimums  near  7.45 

++  ++ 

4.  EPT  is  moat  active  in  the  presence  of  Mn  ,  CPT  requires  Mg 

5.  The  kinetic  parameters  for  both  enzymes  are  similar  to  chose 
reported  for  other  brain  regions. 

6.  Both  phosphotransferases  are  readily  available  to  exogenous  substrates. 

7.  Both  enzymes  were  influenced  by  some  nucleotides  and  neurotransmitters. 
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IV.  IHCORPORATIOM  OF  14C-ARACHIDOHIC  ACID  INTO  PCF  MEMBRANES: 

(a)  Tha  ralaaaa  of  fraa  fatty  acida  (FFA) ,  In  particular  arachldonic 

acid,  haa  baan  ahovn  to  occur  In  nervous  tissue  during  conditions  known 

to  elicit  tha  ralaaaa  of  neuro transmitters.  Electroconvulsive  shock, 

blcucullina  induced  selxures  and  acuta  carabral  ischemia  all  stimulate 

18  19  20 

the  release  of  unssterifled  fatty  acida  from  membrane  phospholipids.  *  ' 

We  began  experiments  designed  to  invastlgace  tha  relationships  between 
phospholipid  metabolism  and  depolarization  stimulated  neuro transmitter 

release. 

14 

PGF  phospholipids  were  radiolabeled  with  C-arachidonic  acid.  Incu¬ 
bations  were  performed  at  37°C  in  Krebs-Rlnger  buffer  containing  1  mM  CoA, 

5  14 

0.1  mM  dlthiothristal,  5  x  10  dpm  C-arachidonic  acid  (52  nCi/nmol),  and 
approximately  1  -  2  mg  PGF  protein.  Tha  PGF  membranes  were  pelleted  by 
centrifugation  and  were  washed  3  times  with  Krabs-Ringer  buffer  containing 
1.0Z  fatty  acid  free  bovine  serum  albumin,  in  an  attempt  to  remove  unincor¬ 
porated  isotope.  Lipids  were  extracted  from  the  final  PGF  pellet  as  pre¬ 
viously  described.  The  non-polar  and  phospholipids  ware  separated  by  thin 
layer  chromatography  and  the  radioactivity  in  each  lipid  was  determined  by 
liquid  scintillation  counting  as  previously  described. 

(b)  Results: 
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1.  Removal  of  unincorporated  C-arachidonic  acid: 

The  radioactivity  in  the  supernatants  produced  by  the  centrifugation 
steps  was  determined  in  order  to  measure  residual  isotope.  This  was  an 
important  consideration,  since  the  accuslation  of  free  fatty  acids  is  a 
primary  criteria  for  assessing  the  membrane  effects  related  to  neurotrans¬ 
mission.  The  wash  procedures  did  remove  most  of  tha  unincorporated  isotope. 
However,  this  technique  left  substantial  amounts  of  radioactivity  in  the 
free  fatty  acid  pool  (Table  5) . 
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Table  5.  Removal  of  unincorporated  C-arachidonic  acid  from  radio- 
labeled  PGF.  The  methods  are  described  above.  Incubation  times  were 
15,  30  and  60  minutes. 

dpm/mg  protein 

time  (min)  15 _ 30 _ 60 

supernatant 

1  337841  333518  334490 

2  10963  11895  10952 

3  1153  1324  1036 


14 

2.  Time  course  of  incorporation  of  C-arachidonic  ecld  into  ?GF  lipids: 

The  incorporation  of  radiolabeled  arachidonic  acid  into  PGF  lipids 
was  determined  following  15 ,  30,  60,  90  and  120  minute  incubations  at  37°C. 
The  level  of  incorporation  was  near  maximum  by  60  minutes  of  incubation 
(Table  6). 
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Table  6.  The  incorporation  of  C-arachidonic  acid  into  phospholipids 
and  free  fatty  acids  at  various  times  of  Incubation.  The  methods  are 
described  above. 

dpm/mg  protein 

Time  (min)  Phospholipid _ Free  Fatty  Acid 


15 

531 

673 

30 

1377 

629 

60 

1679 

715 

90 

1688 

488 

120 

1476 

516 

3.  Incorporation  of  arachidonic  acid  into  PGF  phospholipids: 

The  incorporation  of  isotope  into  various  phospholipids  was  determined 
following  30  and  60  minutes  of  incubation.  The  procedures  used  are  des¬ 
cribed  above.  We  found  that  the  level  of  incorporation  was  greatest  into 
the  choline  glycerophospholipids,  followed  by  the  Inositol  and  ethanolamine 
glycerophospholipids  (Table  7). 
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Table  7.  Incorporation  of  C-arachidonic  acid  into  the  major  PGF 
phospholipids.  The  methods  are  described  above. 

dpm/ml  incubation 

glycerophospholipid _ 30J _ 60' 


choline 

483 

691 

ethanolamine 

116 

206 

inositol,  serine  & 

sphingomyelin 

404 

600 
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Summary  of  results  of  the  experiments  on  the  incorporation  of  C-arachi¬ 
donic  acid  into  PGF  lipids: 

1.  PGF  membranes  actively  incorporate  exogenous  arachidonic  acid  into 
complex  lipids. 


2.  The  incorporation  of  isotope  into  PGF  lipid*  increased  for  up  to 
60  ainutes  of  incubation. 

3.  Although  four  washes  of  the  PGF  did  substantially  reduce  the  level 
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of  unicorporated  C-arachidonic  acid,  the  removal  was  incomplete, 
and  this  preparation  is  unsuitable  for  investigations  of  the  effects 
of  depolarisation  on  membrane  lipid  metabolism. 

V.  EFFECTS  OF  EXOGENOUS  PHOSPHOLIPIDS  ON  NEUROTRANSMITTER  UPTAKE: 

(a)  Exogenous  phospholipid  vesicles  have  been  shown  to  enhance  the 

21  22 

uptake  of  neurotransaitters  by  neuronal  aeabranes  in  vivo  and  in  vitro. 

We  wanted  to  study  this  interesting  phenomenon  using  the  purified  glom¬ 
eruli.  However,  tiae  limit* cions  prevented  any  substantial  effort  in 
this  direction.  These  studies  will  have  to  be  performed  at  a  later  date. 

VI.  RECOMMENDATIONS: 

The  mechanisms  of  aeabrana  alterations  related  to  cerebellar 
function  have  not  been  rasolyed  by  the  present  research.  We  have 
identified  aoaa  potential  controls  for  aeabrana  permeability  changes 
by  showing  the  presence  and  characteristics  of  the  choline  and  ethan- 
o lamina  phosphotransferase  enzymes  in  cerebellar  aeabrana  preparations. 

We  also  showed  that  che  purified  gloaeruli  fraction  can  incorporate 
arachidonic  acid  into  its  complex  lipids.  This  should  provide  an 
approach  for  further  studies  relating  aeabrana  metabolism  to  neuro- 
transmitter  effects,  uptake  and  release.  Some  suggestions  for  follow- 
on  research  are: 

1.  Develop*  a  method  for  the  .in  vivo  radiolabeling  of  PGF  lipids 
with  arachidonic  add. 

2.  Examine  che  effects  of  depolarization  on  the  aetabolisa  of  PGF 
lipids,  using  the  pre- labeled  membranes.  Of  particular  interest 
will  be  che  loss  of  radioactivity  from  the  complex  lipids  and  che 
accumulation  of  label  in  the  free  fatty  acid  pool,  as  well  as  in 
their  oxidized  derlvitlves.th*  prostaglandins,  thromboxanes  and 
related  compounds. 

3.  Determine  the  effects  of  neurotransaitters,  analogues  end  Inhibitors 
on  the  metabolism  of  pre- labeled  PGF  lipids,  as  described  above. 
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Future  Investigations  should  include  attempts  to  relate  the 
biochemical  data  from  this,  and  the  follow-on  research  to  electro- 
physiological  studies.  The  goal  of  such  investigations  would  be  to 
make  the  biochemical-physiological  correlations  necessary  to  develops 
an  approach  for  the  manipulation  of  cerebellar  functions,  for  the 
enhancement  of  voluntary  motor  activity. 
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ABSTRACT 

The  feasibility  of  developing  high  strength  titanium  alloys  containing 
eutectold-formlng  elements  is  being  explored  via  rapid  solidification  (RS) 
processing.  Hear  eutectold  Ti-Co  and  Ti-Cr-Al  alloys  were  both 
conventionally  cast  and  rapidly  solidified  into  ribbons  by  the  melt 
spinning  process.  Aging  treatments  were  carried  out  on  these  specimens  at 
sub-eutectoid  temperatures  for  varying  times.  Mlcrostructural 
characterization  was  carried  out  by  optical  microscopy  using  the  Nomaraki 
Interference  contrast  technique,  scanning  electron  microscopy  and 
transmission  electron  microscopy.  The  aging  hardening  response  was  studied 
by  measuring  microhardness  values. 

The  as-quenched  ribbon  and  solution  treat/quenched  bulk  specimens  of 
both  alloys  showed  a  retained  beta  microstructure.  Aging  below  the 
eutectold  temperature  resulted  in  rapid  precipitation  of  a  very  fine 
proeutectold  alpha  phase  followed  by  a  eutectold  decomposition  of  the  beta 
phase  into  alpha  and  lntermetallic  compound  (Ti^Co  and  TiCr^) .  In  the  RS 
ribbons  precipitation  occurs  more  rapidly  and  more  uniformly  in  comparison 
to  conventionally  cast  specimens.  The  hardness  peak  for  the  Tl-Co  alloy 
was  found  to  occur  at  times  which  are  three  orders  of  magnitude  shorter 
than  for  the  Tl-Cr-Al  systems.  The  hardness  peak  for  both  alloys 
corresponds  to  the  formation  of  fine  proeutectold  alpha  phase.  No 
hardening  due  to  lntermetallic  compound  was  evident. 
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I.  IHTRODUCTIOH 


Ti-Co  and  Tl-Cr-Al  alloys  possess  tha  alcrostruccural  characteristics 
necessary  for  use  In  aany  high  strength  applications.  However, 
conventional  Ingot  aetallurgy  (IM)  processes  result  in  grain  boundary 
segregation  of  the  eutectoid-foming  elements.  Rapid  solidification 
techniques  circumvents  the  segregation  problem  by  producing  a  homogeneous 

microstructure  while  extending  the  solubility  limits. Development 
of  alloys  is  always  of  interest  to  the  Air  Force  mainly  for  aircraft 

application. 

Little  is  known  about  the  effects  of  aging  rapidly  solidified 
materials.  In  the  past,  there  has  been  only  limited  research  on  the 
effects  of  eutectold  decomposition  in  titanium  alloys. Studies  were 
limited  to  conventionally  cast/homogenized  alloys  evaluated  by  standard 
optical  matallographic  techniques. 

The  addition  of  a  autactoid-formlng  compound  lowers  both  the  melting 
and  transformation  temperatures  of  pure  titanium.  Fig.  1.  Precipitation  of 
alpha  (HCP  structure)  within  the  beta  phase  (BCC  structure)  achieves  solid 
solution  strengthening.  The  component,  Ti^Co  and  TlCr2,  are  complex  FCC 
structures  which  do  not  aid  in  strengthening  the  alloy. 

II.  OBJECTIVE 

The  main  objective  of  this  project  was  to  develop  testing  procedures 
to  evaluate  eutectoid-forming  alloys.  Specific  objectives  were; 

(1)  Development  of  procedures  to  age  RS  materials  for  times  shorter 
than  five  minutes. 

(2)  Establishment  of  electropollshing/etchlng  techniques  for  both 
conventional  cast  and  RS  material. 

III.  MATERIAL  HISTORY 

Tha  starting  material  was  produced  by  utilizing  a  tungsten  arc  melting 
process  followed  by  a  homogenization  treatment  and  hot  swaging.  Swaged 
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material  vaa  remalted  and  rapidly  solidified  In  the  form  of  ribbons  by 
melt-splnnlng  procedures.  In  order  to  compare  aging  characteristics  of  RS 
material  and  IM  alloys,  swaged  alloy  samples  were  beta  solution  treated 
prior  to  aging  characteristics  of  RS  material  and  IM  alloys,  swaged  alloy 
samples  were  beta  solution  treated  prior  to  aging,  fig.  2. 

IV.  DEVELOPMENT  OP  AGING  PROCEDURES 

Isothermal  aging  of  RS  material  was  found  to  be  rapid.  As  a  result, 
treatments  of  less  than  300  seconds  are  required.  Three  hundred  seconds 
has  been  fopnd  to  be  the  minimum  practical  aging  time  for  convection  air 
box  furnaces.  Since  titanium  oxidizes  rapidly  at  elevated  temperatures, 
aging  must  be  carried  out  In  vacuum. 

Satisfactory  results  have  been  obtained  by  aging  in  a  salt  bath  using 

TM 

encapsulated  specimens  in  evacuated  Vycor  tubing.  Prior  to 
encapsulation,  ribbons  were  wrapped  In  CP-tltanium  to  act  as  an  oxygen 
absorber.  Quenching  was  performed  In  Ice  brine  solution.  Extended  aging 
treatments  were  conducted  In  a  box  furnace  using  encapsulated  specimens. 

V.  ELECTROPOLISHING  AND  ETCHING  TECHNIQUES 


Standard  chemical  etching  can  severely  destroy  the  true  microstructure 
studied.  Hydride  formation,  chemical  staining  and  precipitate  leaching 
occurs  as  the  result  of  standard  chemical  etching.  These  problems  can  be 
eliminated  by  using  electropolishing  techniques. 

Electropolishing  practices  for  RS  materials  were  established. 

Specific  problems  such  as  edge  retention  and  good  electrical  contact  were 

TM 

considered.  The  use  of  Konductomet  ,  a  carbon  impregnated  Bakellte 
produced  by  Buehler  was  found  to  be  part  of  the  solution.  Best  results 
have  been  obtained  by  using  an  electrolyte  of  6%  perhloric  acid,  3SZ 
butycellosolve  and  59%  methanol  at  a  temperature  of  -55®C.  A  polishing 
curve  for  each  alloy/aging  treatment  was  obtained. 

VI.  HARDNESS  TESTING 

Comparison  of  the  hardening  response  between  RS  and  Ingot  materials 
requires  a  consistent  approach  to  hardness  testing.  Whereas  the 
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VS 


microstructure  of  the  RS  material  is  nearly  homogenlous  ,  this  Is  not  the 
case  for  IM  materials.  Hardnsss  variations  occurs  between  grain  boundary 
and  interior  regions.  Variations  greater  than  twenty  percent  were 
evaluated  using  the  rule  of  mixtures; 


Hardness  -  »f (>t>)HV(gb)  .  Hf(gl)W(jl) 


01 


Vf (gb)  "  Volume  fraction  of  grain  boundaries 


Vf(gi)  *  Vo^un®  fraction  of  grain  interior 


HV(gb)  ■  Average  hardness  of  grain  boundary 


HV^)  -  Average  hardness  of  grain  interior 


All  hardness  measurements  were  obtained  using  a  Vickers  indenter  and  a  25  g 
load. 


VII.  RESULTS 

The  eutectoid  decomposition  mechanism  for  both  the  Tl-Co  and  the 
Ti-CR-Al  systems  was  found  to  be  similar.  Proeutectold  alpha  forms  from 
the  beta  phase  upon  aging  at  subeutectoid  temperatures.  Alpha  precipitates 
in  an  ordered  mannor  along  grain  boundaries  while  creating  a  basketweave 
pattern  within  the  grain  interior.  Prolonged  aging  resulted  in  coarsening. 
Figures  3-5. 

The  occurence  of  a  hardening  peak  mainly  corresponds  to  the  formation 
of  fine  proeutectold  alpha  phase.  No  hardening  due  to  an  intermetalllc 
compound  is  evident.  Precipitation  occurs  more  rapidly  and  more  uniformly 
in  RS  materials  than  in  IM  specimens.  Figures  6  &  7.  An  increase  in  aging 
temperature  resulted  in  coarsening  of  the  alpha  phase  and  subsequent 
decrease  in  hardness.  The  overall  rate  of  reaction  appears  to  be 
controlled  by  the  structure  complexity  of  the  intermetalllc  compound. 


RECOMMEHDATIOHS 

This  project  established  the  ground  work  whereby  other 
eutectold-former  alloys  can  be  evaluated.  "Short  tine”  aging  of  RS 
materials  can  be  accomplished  via  encapsulation  and  salt  bath  heat 
treatments.  Lower  again  temperatures  consistently  Increase  hardness 
values.  Therefore,  further  studies  should  concentrate  on  aging 
temperatures  above  the  omega  formation  range  but  well  below  the  eutectoid 
temperature. 
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The  choice  of  specimens  for  metallographlc  study  should  be  judiciously 
made.  Electropolishing  procedures  for  new  alloys  are  labor  intensive. 
However,  the  results  obtained  in  this  project  demonstrate  the  necessity  to 
electropollsh/etch  Instead  of  using  mechanical  polishing  and  chemical 
etching  procedures. 
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Bata  Solution  Heat  Treatment 


TI-SCo  TI-16Cr-4AI 


Fine  alpha  precipitates  from  all  beta  structure. 
Extended  aging  results  in  coarsening. 


Optical  Micrographs  of  Ti-15Cr-4AI  Ribbon  Material 
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ABSTRACT 

Syntheela  of  3-phenoxypyromellitic  dlenhydrlde  free 
durene  we a  initiated  and  the  internediate  compounds  were 
fully  characterised.  The  results  showed  that  these 
intermediates  were  very  soluble  in  ooanon  solvents.  The 
final  produot  is  still  under  investigation.  A  sodel 
compound,  9-oxo-xanthene-1 -carboxylic  acid,  was  synthesised 
and  partially  characterised.  The  final  produot  needs 
further  analysis.  Suggestions  for  future  research  are 
outlined  to  further  advance  this  project. 
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I.  INTRODUCTION i 


Polyimides  are  known  to  have  excellent  thermal  and 
thermo-oxidative  stability,  and  for  this  reason  can  be  used 
as  part  of  a  composite  polymer  system  that  must  withstand 
high  temperatures.  Some  polyimides  fora  a  rigid  rod 
polymer  chain  that  can  give  internal  strength  to  the 
composite  structure.  One  of  the  problems  encountered  with 
this  system  is  developing  a  polyimide  which  is  soluble  in 
common  solvents,  such  that  it  is  readily  Incorporated  into 
the  composite  matrix. 

In  general,  polyimides  tend  to  be  insoluble  and 
intractable.  An  isomeric  fora  of  an  iaide,  commonly  known 
an  an  isoiaide  (1_)  can  be  used  to  enhance  processibility 
without  compromising  the  ultimate  thermal  and  thermo- 
oxidtive  stability. 


N 

-0^ 

O 

1 

The  isoiaide,  when  compared  to  the  iaide,  was  generally 
found  to  have  a  much  lower  melting  point  and  was  much  more 
soluble  in  a  variety  of  solvents.  The  isoimlde  can  readily 
be  converted  irreversibly  to  the  iaide  fora,  either 
thermally  or  catalytically .  The  catalysis  uses 
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nuelaophilio  catalysts  such  as  acetic  anhydride,  to  proaote 
the  isoinlde-to-iaide  conversion. 


The  foraation  of  the  cyclic  isoiaide  structure  is 
through  the  eyclodehydration  of  the  aaio  aoid  precursor  by 
selected  oheaical  reagents.  Generally  cheaical  dehydration 
of  N-substituted  aaic  acids  (2)  gives  varying  ratios  of 
isoiaide  (1)  and  iaide  (£)»  depending  on  the  reaction 
conditions  deployed,  the  nature  of  the  aaic  acid  and  the 
cheaical  reagent  used.  Theraal  cyclodehydration  invariably 
yields  the  iaide  structure. 


II 

/> 

II 
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,C — OH 

""C — N  ^  w2o  O 

il  l  j! 

O  H  Cv 

N-vW 

2  V'C/  l 

Polylaides  with  no  pendent  groups  show  low  solubility 
in  coaaon  solvents.  The  purpose  of  this  research  is  to 
investigate  the  effects  of  the  dianhydride  aonomer  pendent 
groups  on  ths  solubility  of  the  polyiaide  or  a  precursor 
polyisoiaide. 


t  heot 
Jv  or 
j  catalysis 


x.  r.  r.  v  . 


II.  OBJECTIVES! 

The  Bain  objectives  of  this  research  vara  to: 

1)  ayntheaise  3-phenoxypyronellitio  dianhydrida, 

2)  ooapara  it  to  3 ,6-diphenoxypyroaellitie 
dianhydrida  for  aolubility  in  oonnon  solvents, 

3)  and  aynthaalaa  a  xanthone  nodal  eoapound  to 
show  that  byprodueta  oan  ba  foraad  by  intarnal 
oyollsatlon. 


III.  OVERVIEW  OP  THE  STHTHESISi 

Tha  praparation  of  a  nonophanoxydianhydrida  vaa  begun 
baoauaa  tha  diphanoxydianhydrida  intarnadiata  eoapound, 
dlphenoxydurene,  vaa  found  to  have  lov  aolubility  in 
ethanol |  and  due  to  ita  decreased  aynaetry,  a  aonophenoxy 
ooapound  vould  likely  have  an  ineraaaed  aolubility.  The 
reaulte  indicate  that  tha  lnternediate  aonophenoxy 
coapounda  do  have  increased  aolubility  in  coaaon  solvents. 

Durena  vaa  uaad  in  a  five  atap  synthesis  to  produce 
3,6-diphenoxypyroaellitio  dianhydrida.  Steps  one  through 
four  produced  tha  desired  produot,  but  tha  last  atap 
produced  several  produota,  as  evidenced  by  a  thin  layer 
ohronatograph  of  this  aatarial.  A  nodal  eoapound,  3-bromo 
o-xylana,  vaa  than  investigated  to  deteraine  vhather  a 
second  produot  vaa  forming  through  an  intarnal  eyclization 
of  a  phenolic  pendant  group  and  an  acid  function  in  tha 
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ortho  position.  This  product  is  called  a  xanthone  and  has  a 
bright  yellow  irridescent  color,  Baking  it  difficult  to 
acertain  whether  a  dianhydride  was  forning  in  the  last  step 
of  the  synthesis,  since  the  dianhydride  was  also  a  bright 
leaon  yellow  oolor,  but  not  irridescent. 

Using  durene  (4)  as  a  parent  conpound,  3-iododurene  (£) 
was  formed.  This  conpound  had  excellent  solubility  in 
ethanol,  and  produced  a  white,  fluffy,  crystalline  product, 
which  was  used  to  prepare  3-phenoxydurene  (6).  The 
compound  3-phenoxydurene  was  obtained  as  a  white, 
electrostatic,  crystalline  product.  Oxidation  of  this 
compound  produced  a  tetraacld,  3-pbenoxypyromellitic  acid 
(7).  Pyrolysis  of  this  compound  yielded  a  compound  (8), 
which  was  reorystalllzed  from  toluene  and  is  currently 
being  identified. 


I 


Ij,  Iodic 

acid, 

ocatic 


The  aod«l  compound  was  prepared  by  the  reaetloo  of 
3-broao-o-xylene  ($)  with  phenol,  oopper  and  potaeeiua 
oarbonate  to  yield  3-phenoxy-o-xylene  (10) . 


2  12 

Oxidation  of  thia  compound  produced  3-phenoxyphthalic  acid 
(11) ,  which  f oras  3-phenoxyphthallc  anhydride  (^2)  when  . 
reacted  with  acetic  anhydride.  The  xanthone  product,  which 
waa  anticipated  did  not  fora.  Thia  aay  be  due  to  the  lack 
of  aterio  hindrance  like  that  found  in  3,6-diphenoxy- 
durene.  The  reaction  of  3-phenoxyphthalic  acid  (H)  and 
concentrated  aulfurio  acid  produced  a  white  precipitate, 
which  by  infrared  analyaia  appeara  to  be  9-oxo-xanthene-1 - 

e 

carboxylic  acid  (12). 


1) KMN04, 
pyridine,  H^O 

■  —  a 

2) KMN04, 
NaOH,  HjO 
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V.IHSTRUMEHTATIOHi 

Huelear  Magnetio  Resonance  (HMR)  apaotra  vara  obtained 
employing  a  Varian  EM-360-A  apaotroaatar ,  and  all  aaaplea 
vara  run  in  dautaratad  ohloroform.  Tatramathylailana  vaa 
uaad  aa  an  intarnal  atandard  and  sample  concentrations  vera 
approximately  10Z  v/v.  Infrared  apaotra  (IR)  vara  recorded 
vith  a  Beckman  Modal  33  apaotroaatar  using  KBr  discs. 
Elemental  analysis  vara  performed  by  AFVAL/MLSA  on  the  baas 
complex.  All  raaulta  are  listed  in  the  experimental 
section. 

V. EXPERIMENTAL i 
Preparation  of  3-lododurene 

In  a  three-necked  flask  (500  al)t  fitted  vith  an  air 
condenser(  vara  placed  durana  (50.0  gy  0.373  mol),  iodine 
(38.0gy  0.150  mol),  iodic  acid  (14*5  gy  0.P82  mol),  acetic 
acid  (120  al)y  sulfuric  acid  (4  ml)y  vater  (20  ml)y  and 
carbon  tetrachloride  (10  ml).  The  purple-brovn  mixture 
vas  heated  on  an  oil  bath  vith  stirring  at  75*0  for  tvelve 
hours.  The  hot  solution  vas  than  poured  into  an  aqueous 
(150  ml)  sodium  bisulfite  aolutiony  (10.0  gy  0.096  mol)  and 
stirred  to  destroy  the  excess  iodine.  The  yellov 
perclpltate  vas  oolleoted  by  vacuum  filtration  and  steam 
distilled  at  140  to  150*0.  About  500  ml  of  the  distillate 
vas  collected  and  contained  the  excess  unreacted  durene. 


The  realising  solution  was  allowed  to  evaporate  leaving 
orude  crystals  of  3-lododurene  which  were  reorystallised 
froa  ethanol  yielding  pure,  white,  fluffy  needles  (90.86  g, 
942) t  ap-  80-81*0  (Lit.  ap  -  80*0);  IR  (KBr)  2980-2825, 
1595,  1450,  1375,  1000,  860,  770,  690  ca"1 .  HMR  (CDClj)  S 
2 . 2 ( a , 6H ) ,  2.4(s,6H),  6.7(a,1H). 

Preparation  of  3-Phsnoxydursne 

A  three-necked  flask  (500  al)  fitted  with  an  air 
condenser  was  charged  with  3-iododurene  (20.8  g,  0.080 
aol),  potaaslua  carbonate  (12.0  g,  0.080  nol),  phenol  (80.0 
g,  0.850  aol),  and  copper  bronae  (8.0  g).  The  aaroon 
alxture  was  heated  on  an  oil  bath  for  twelve  hours  at 
160*0.  The  hot  solution  waa  poured  into  a  aodiua  hydroxide 
(34*0  g,  0.850  aol)  solution  (500  al)  to  reaove  the  excess 
phenol.  Vacuua  filtration  produced  a  tan  powdery  product, 
aixed  with  copper.  Extraction  with  ethanol  produced  white 
crystals  which  were  very  electrostatio  (10.8  g,  60Z):  ap  - 
109-110*0;  IR  (KBr)  2950-2850,  1590-1575,  H75,  1375  ca"1 . 
HMR  (CDC13)  S  1.9(s,6H),  2.2(s,6H),  6. 5-7.3 (a, 5H) .  Anal. 
Calcd  for  C^H^gOi  C,  84.91}  H,  8.02.  Pound:  C,  84.71;  H, 
8.02. 


Preparation  of  3-phanoxypyroaellltlc  acid 

In  a  three-necked  flask  (1000  al),  fitted  with  a  reflux 
condenser,  were  plaoed  3-phenoxydurene  (9.21  g,  0.035  sol), 
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pyridine  (360  al),  and  water  (150  nl).  This  aixture  was 
heated  to  100*0  and  potassiun  peraanganate  (32.22  g,  0.204 
■ol)  was  added  slowly.  The  solution  was  refluxed  at  110- 
120*C  for  three  and  one  half  hours.  Vaouua  filtration 
through  oolite  gave  a  clear,  pale  yellow  filtrate  whioh  was 
▼acuua  evaporated.  The  residue  was  treated  with  a  sodiua 
hydroxide  (12.0  g,  0*300  aol)  solution  (220  al).  The 
aixture  was  heated  to  100*C  and  potaasiua  peraanganate 
(19*3  g,  0.122  aol)  was  added  slowly.  After  refluxing  for 
one  and  one  half  hours ,  ethanol  (15  al)  was  added  to  reaove 
the  the  excess  potassiua  peraanganate.  Vaouua  filtration 
through  oolite  yeilded  a  pale  yellow  solution  whioh  was 
vaouua  evaporated  to  reduoe  the  voluae  to  about  75 
allllllters.  The  oonoentrated  solution  was  oooled  in  an 
ice  bath  and  stirred  while  oold  oonoentrated  hydrochloric 
acid  (24  al),  was  added  dropwlse  to  produoe  a  white 
precipitate.  Effervesoenoe  was  observed  as  the  pH  went 
froa  14  to  2.  The  precipitate  was  vaouua  filtered  to  yeild 
3-phenoxypyroaellltie  aoid  (9*78  g,  70%)  I  IR  (KBr)  3600- 
2400,  1725-1675,  1475,  1375,  1300  ca-1 . 

Preparation  of  3-phenoxypyroaellltlc  dlanhydrlde 


In  a  flask  (50  al)  was  plaoed  3-phenoxypyroaellitic 
aoid  (2.0  g,  0.0028aol) .  The  flask  was  heated  under  vaouua 
at  190-210*0  whereby  the  dianhydride  subliaed  on  the  flask 


vails.  After  tvo  hours  the  dianhydride  vas  roaovad  froa 
the  flask  and  reorystalliied  froa  toluene  yielding  yellow 
needles  (1.25  g,  63X)s  IR  (EBr)  3000-2500,  1840-1800,  1700 
1300,  900  ca”1 • 

Preparation  of  3-phenoxy-o-xylene 

In  a  three-neoked  flask  (250  al)  fitted  with  an  air 
condenser  were  plaoed  3-broao-o-xylene  (10.2  al,  0.075 
aol),  potasslua  carbonate  (18.0  g,  0.130  aol),  phenol 
(120.0  g,  1.28  aol),  and  oopper  bronse  (12. o  g).  The 
alxture  vas  heated  to  160*0  for  twelve  hours.  The  hot 
aaroon  solution  vas  poured  into  a  sodlua  hydroxide  (51.0  g 
1.28  aol)  solution  (780  al)  and  stirred  to  wash  the  copper 
and  reaove  the  exoess  phenol.  The  produot  was  extracted 
with  ether  vhioh  vas  dried  with  aagnesiua  sulfate  to  yield 
a  clear  yellow  filtrate.  Reorystalllsatlon  froa  aethanol 
yielded  pale  yellow  shiny  crystals  of  pure  3-phenoxy-o- 
xylene  (9.26  g,  62X) i  ap  -  56-57*0}  IR  (EBr)  3000-2900, 
1600,  1500-1450  on"1},  IMR  (CDClj)  {  1.9(e,6H),  2.1(e,6H), 
6.7(a, 5H) .  Anal.  Calod  for  0,  34.81}  H,  7.12. 

Pounds  C,  84.68}  H,  7.12. 


Preparation  of  3-phenoyxphthallc  acid 

A  three-neoked  flask  (250  al)  equipped  with  an  air 
condenser  vas  oharged  with  3-phenoxy-o-xylene  (4.5  g, 
0.0227  aol),  pyridine  (100  al),  and  water  (40  al).  When 


heated  to  a  taaparatura  of  100*0,  potaoaiua  peraanganate 
(8.96  g,  0.057  aol)  was  addad  slowly  to  oxidlsa  the 
eoapound.  The  solution  vaa  refluxed  for  three  and  one  half 
hours  at  110-120*0  and  raeuua  filtered  through  oelite  to 
yield  a  clear  yellov  solution,  vhioh  was  raeuua  evaporated 
to  give  a  yellov  solid.  The  residue  was  aixed  vith  a 
sodlua  hydroxide  (4*0  g,  0.100  aol)  solution  (73  al)  and 
potassiua  peraanganate  (6.45  g,  0.041  aol)  vas  added 
slowly .  After  refluxing  for  one  and  one  half  hours,  ethanol 
(10  al)  vas  added  to  destroy  the  exoess  potassiua 
peraanganate.  A  nearly  olear  filtrate  vas  obtained  by 
raouua  filtration  through  oelite.  The  filtrate  vas  raeuua 
evaporated  to  reduce  the  roluae  to  100  al.  This  solution 
vas  cooled  in  ioe  and  stirred  vhlls  oold  ooneentrated 
hydrochloric  sold  (12.5  al)  vas  added  dropvise  to  change 
the  aeld  salt  to  the  acid  fora.  The  pH  vent  froa  14  to  2, 
yielding  a  white  preoipltate,  which  when  filtered  and  dried 
gave  3-phenoxyphthalie  aold  (2.67  g,  46Z)s  ap  -  202-203*0 
(Lit.  ap  -  204*0) {  IE  (IBr)  3400-2400,  1700,  1600,  1300 
c.-1 . 

Preparation  of  3-phenoxyphthallo  anhydride 

In  a  flask  (50  al)  fitted  vith  an  air  condenser  were 
placed  3-phenoxyphthalic  acid  (0.5  g,  0.0019  aol),  and 
aeetio  anhydride  (25  al).  The  aixture  vas  refluxed  for  one 
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hour  at  120-130*0,  and  than  placed  In  an  evaporating  dish. 
Reory stall! sat ion  froa  hexane  yielded  white  orystale  of  3- 
phenoxyphthalio  anhydride  (0.34  g,  73%) «  ap  -  106-107*0 
(Lit. ap  ■  106-108*0) |  IR  (KBr)  1850,  1790,  1625-1580,  1475, 
1275  ob"1. 

Preparation  of  9-oxo-xanthene-1 -carboxylic  a c i c- ' 


A  flask  (50  al)  was  charged  with  3-phenoxyphthalic  acid 
(0.5  g,  0.0019  nol),  and  concentrated  sulfuric  acid  (20  ml) 
and  heated  on  an  oil  bath  to  90*C  for  two  hours.  The 
yellow  solution  was  poured  into  water  (60  al),  foraing  a 
white  precipitate.  Vacuua  drying  yielded  a  powdery  product 
(0.29  g,  31 X) *  IR  (KBr)  3000,  1700,  1625,  1600,  1300,  1075 
o.  -1. 


VI.RECQMME»DATIOII3l 

Intermediates  of  3-phenoxypyroaellltio  dianhydride  were 
found  to  have  increased  solubility  in  conaon  solvents.  The 
reconaendations  for  further  research  includes 

1 )  further  characterisation  of  the 
"aonophenoxydianhydride” , 

2)  investigation  of  the  effeot  of  longer  pendent 
groups, 
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3)  and  polyaerisation  of  existing  dianhydrides  to  test 
for  increased  solubility. 
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STOCHASTIC  BEHAVIOR  OP  RANDOM  LAY  CABLES 


By 

Frederitk  C.  Breslin 

ABSTRACT 

The  analysis  of  GMP  effects  depends  on  parameten  which  in  effect  may  be  random  variables. 
One  such  example  is  the  physical  orientation  of  a  cable  within  a  structure.  Further  there  are 
situations  where  a  parameter  may  be  deterministic,  e.g.,  terminal  impedance,  but  to  investigate 
system  behavior  over  a  broad  range  of  possible  terminations  one  is  forced  to  treat  terminal 
impedance  as  a  random  variable.  In  this  report  we  develop  a  model  for  a  random  lay  cable  with 
random  termination  and  derive  the  stochastic  properties  of  the  associated  electromagnetic 
matrices  of  interest. 


1.  INTRODUCTION 


Given  a  particular  visualization  of  a  cable  and  its  terminations  sack  parameters  of  interest 
as  the  scattering  matrix  can  be  calculated  and  the  system’s  response  to  EMP  determined  for 
that  particular  visualisation.  However,  there  are  other  visualisations  that  might  be  encoun¬ 
tered.  For  example,  one  may  find  pin  #2  in  the  uppermost  position  of  a  connector  rather  than 
pin  #1  as  was  assumed.  Will  the  EMP  response  of  this  second  visualisation  differ  significantly 
from  that  of  the  first?  This  question  can  in  principle  be  answered  by  a  recalculation  of  all 
parameters  for  this  second  visualisation.  But  the  number  of  possible  visualisations  that  need  to 
be  calculated  can  get  rapidly  out  of  hand  even  for  relatively  simple  systems.  This  direct  calcula¬ 
tion  approach  fails  even  more  rapidly  when  one  extends  his  area  of  inquiry  beyond  a  specific 
cable  to  a  generic  type  of  cable,  e.g.,  aircraft  communications  cables  in  general. 

The  approach  we  will  take  in  this  effort  is  to  treat  the  parameters  of  the  cable  and  its  termi¬ 
nations  as  random  variables.  We  will  develop  a  stochastic  model  for  a  random  lay  cable.  Based 
on  this  model,  the  question:  “Will  the  EMP  response  of  this  second  visualisation  differ 
significantly  from  that  of  the  first?"  will  be  answered  probabilistically. 

S.  OBJECTIVES  OF  THE  RESEARCH  EFFORT 

The  first  goal  of  this  effort  is  to  develop  a  stochastic  model  that  describes  a  random  lay 
cable.  Clearly  there  are  as  many  random  lay  cable  models  as  there  are  possible  definitions  for 
what  constitutes  a  random  lay.  In  this  study  we  adopt  the  approach  that  the  parameters  of  the 
cable  elements  are  fixed  and  that  it  is  their  spatial  orientation  and  terminal  impedances  that  are 
random. 

Having  defined  our  model,  our  next  goal  is  to  develop  the  stochastic  properties  of  the  model. 
Finally,  we  derive  the  distribution  theory  for  scattered  current  in  a  random  lay  cable. 


Let  Ilfy  be  an  identity  matrix  with  its  ith  and  Jth  rows  interchanged.  Then  II, /Af  is 
the  matrix  M  with  its  ith  and  j th  rows  interchanged. 


./  4^  m*  "J’ 

ysV/W.1 


1  PERMUTATION  MATRICES 

In  constnieting  our  model  of  the  random  lay  cable  we  will  make  extensive  use  of  the  concept 
of  a  permutation  matrix.  It  is  therefore  appropriate  at  this  point  to  review  the  properties  of 
such  matrices. 

A.  ALGEBRAIC  PROPERTIES 
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Property  It 


Property  3: 


A/Il,  .  is  the  matrix  A/  with  its  ith  and  Jth  columns  interchanged. 
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Property  Si 


n.  -A/n.y  is  the  matrix  A/  with  its  ith  and  Jth  rows  and  columns  interchanged. 


Property  4i 


The  n„  ’s  are  symmetric,  orthogonal  matrices. 


Property  6< 


Define  a  permutation  matrix  P: 


-A 


p  =  n.y  nM 


•  «  *  •  *  w  -  •  ■ . 

V  \S  .*  V 
AA  A  A  A V 


Then  P  is  an  orthogonal  matrix. 


Property  0t 
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P'  MP  is  the  matrix  M  with  a  sequence  of  row  and  colmmn  interchanges. 

Property  7t 

P  is  of  the  form  that  each  column  (row)  contains  one  1  .  The  rest  of  the  elements  in  the 
column  (row)  are  0  . 

Property  81 

P  is  of  full  rank. 

Property  Oi 

[P 1  MP]1  =  P'  MlP 

Property  lOi 

(/”  MP)(P'  NP)  =  P'  MNP 

Property  Hi 

The  effect  of  P'  MP  is  to  relocate  diagonal  elements  of  M  onto  the  diagonal  of  P'  MP 
and  to  relocate  off  diagonal  elements  of  M  onto  off  diagonal  elements  of  P'  MP  . 

B.  STOCHASTIC  PROPERTIES 
Stochastic  Property  1: 

The  expected  value  of  the  permutation  matrix  P  is 

m  = 

where  J  is  an  NxN  matrix  all  of  whose  elements  are  1  . 


Stochastic  Proparty  St 


The  expected  value  of  the  matrix  P1  MP  is 


md  on  diamond 

E[P'  MP\  = 

mt  off  diagonal 


where  ffy  is  the  average  of  the  diagonal  element  of  M  and  illt  is  the  average  of  the  off  diag¬ 
onal  elements  of  M . 
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Stochastic  Property  S 

The  expected  value  of  the  matrix  ( P *  MP )*  =  P1  M2P  is 


E[[P'  MP)2]  = 


*TT  E  mki  mki  on  diagonal 

N  it 

E  mti  mtf  off  diagonal 
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Stochastic  Property  4 


The  variance  of  P'  MP  is 


.  .  t  ,• 


E  -  (*fy)2  on  diagonal 

Var[P •  MP\  =  ,  * 

-7T—  E  mtimtj  -  (fff,)*  off  diagonal 

N  -TV  jyt 


4.  THE  RANDOM  LAY  CABLE  MODEL 

Consider  a  cable  consisting  of  iV  parallel  conductors  and  an  infinite  ground  plane.  The 
tth  conductor  is  characterized  by 


r„  s  the  radius  of  the  wire 


k*  —i'1 


■*.  <■  -  .  •r. 


,  • , »  . *  . •  ,  • i •  .  *  * .  .*»*•*••••  •  • ■ 

*  •  *  »  %  *  ■  *  «  "•  *  .  *  *  *  *,  *.*  * • *,*  *„•  ' .•  * ,*  *  •  ’ .■  \»  *,»  ,•  * 
•••  -.-.y  .y: 

.y  y*.  -y  . 


*  •  i  *  •  *  •  '  .»  %  •  •  y.  *t> 


'V.s*  0 


•  L. 


rrv- 


V«> 


t{  3  the  thickness  of  the  insolation 


iij  5  the  distance  form  the  center  of  the  tth  wire  to  the  center  of  the  yth  wire 


h{  3  the  distance  of  the  center  of  the  ith  wire  above  the  ground  plane. 


Paul  and  Feather  [l]  show  that  the  per  unit  length  capacitance  matrix  is  of  the  form 


c,y  =  *,(‘i)rw  +  W/X'm+li) 


(1) 


where  k^ij)  and  k^ij)  are  constants  which  are  functions  of  the  Displacement  matrix.  They 
show  farther  that  when  the  wires  are  separated  sufficiently  from  each  other  and  the  ground 
plane,  an  approximate  per  unit  length  inductance  matrix  is  of  the  form 


i  2h: 
f„ 


J,  y  »  kM 


+  4My 


<2) 


(3) 


Let  L  and  C  be  respectively  the  per  unit  length  inductance  and  capacitance  matrices 
associated  with  some  reference  cable  orientation.  Then  from  (1),  (2),  (3)  and  Property  3  it  fol* 
lows  that  kL  and  kC  ,  for  the  ith  permutation  (kP)  ,  can  be  written  as 


kC  —  (kPf  )(C)(kP) 


kL  -  (kP>  (L)(kP) 


io-d 


(4) 
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Haring  modeled  the  capacitance  and  indnctaaee  matrix  associated  with  an  arbitrary  cable 
lay  in  terms  of  a  permutation  matrix,  we  now  apply  our  knowledge  of  tbe  properties  of  sack 
matrices  to  derive  tbe  stochastic  properties  of  the  random  lay  cable. 

A.  EXPECTED  VALUE  OF  INDUCTANCE,  CAPACITANCE  AND  IMPEDANCE 
MATRICES  FOR  A  RANDOM  LAY  CABLE: 

From  (4),  the  kth  permutation  of  the  cable  will  result  in  capacitance  and  inductance 
matrices  of  the  form 

(„C)  =  UP'  X<?X*P) 

(„L)  -  UP'  )(£)UP). 

Since  every  permutation  is  considered  equally  likely,  the  expected  value  of  the  L  and  C 
matrices  of  a  random  lay  cable  comes  directly  from  Stochastic  Property  2. 

—  2  c,v  on  diagonal 

E\C\  - 

—z —  £  eH  off  diagonal 

ip-n 

■jj  £  Iff  on  diagonal 

E[L\  =  i 
N*-N 

where  N  is  the  number  of  conductors  in  the  cable  and  e,-;-  and  /,y  are  the  elements  of  the 
capacitance  and  inductance  matrix  for  the  arbitrarily  selected  reference  orientation  of  the  cable. 

The  expected  value  of  the  characteristic  impedance  and  admittance  matrices  follow  in  a  simi¬ 


£  hi  off  diagonal 


lar  manner.  Defining  the  characteristic  impedance  matrix  Ze  as  [2] 


zt  *  c^rfxj^r* 


where 


[X]  =  T'CLT 

then  the  characteristic  impedance  matrix  for  the  Jrth  permutation  is 

tz,  =  kc-‘TMf>r' 


By  Properties  3  and  10 


(Xt]  =*  r-‘(P'  CLP)T 


Since  CL  =  r'fXJT 


[x4]  =  r-‘p'  r-l[x)rpr 


kzt  *  {P'  cpy't  t-'p1  r-'ix^rprr1 


By  Property  9 


kzc  =  p»  c-‘pp»  r-l(xl^rp 
kZt  =  p'  ^-‘r-^x^rp 
=  P'  ZeP 


Farther 


By  Stochastic  Property  2  the  expected  raiae  of  the  impedance  matrix  is 


•jj  £  o»  diagonal 
E[Z\  =  t 

E  off  diagonal 

and  the  expected  value  of  the  admittance  matrix  is 

■jy  £  9u  on  diagonal 
E[Y]  -  4 

^7"  E  »</  «//  diogonal 

B.  THE  EXPECTED  VALUE  OF  THE  SCATTERING  MATRIX 

Let  the  terminal  admittance  of  the  random  lay  cable  be  Yf  .  Assume  that  the  elements  of 
Yt  are  fixed.  Then  [3] 

,s  =  (/-  (,z)(,rr)||/  +  (,z(,yr)|-' 

tS  =  \P'  (/  -  Z,„  YTJP\[P'  (/  +  Z,„  YtJP\-' 

„S=[P'U-  Z„,  YtJP\P'  (/  +  Z„,  YtJ-'P 
Since  P'  P  =  /  (Property  5) 

kS  =  P'  V  -  Z„,Yr^I  +  z„,ytj-'p 
jS  -  P'  SP 

Using  Stochastic  Property  2,  the  expected  value  of  the  scattering  matrix  is 
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V*YA 


E[S)  = 


JV  ^  *  T“ 


on  diagonal 


E  *0  =  «//  **9onal 

C.  VARIABILITY  OF  EM  MATRICES: 

So  far  we  hare  looked  at  the  expected  ralue  of  some  matrices  of  interest  under  our  random 
lay  cable  model.  We  hare  found  that  they  all  hare  essentially  the  same  form  of  expected  ralue. 
While  the  ralues  of  the  elements  of  the  matrix  will  tend  to  hare  the  expected  ralue,  any  one 
risualization  of  a  random  cable  is  likely  to  produce  different  results.  The  question  to  be 
addressed  now  is  the  extent  to  which  the  elements  of  an  EM  matrix  are  likely  to  r ary  from  their 
expected  ralue. 

Worst  case  rariability  is  of  interest.  Clearly  the  maximum  possible  rariation  in  any  of  the 
electromagnetic  matrices  considered  is  simply  the  difference  between  the  largest  and  smallest  on 
(off)  diagonal  elements  of  the  reference  matrix  for  diagonal  (off  diagonal)  terms.  In  addition  we 
will  find  a  measure  of  the  arerage  expected  rariation  of  matrix  elements. 

A  common  measure  of  rariability  is  the  Coefficient  of  Variation  defined  as 

ttandard  deviation  of  %  ... 

v  - — — - - -  .  (5] 

expected  valve  of  jr 

Clearly  if  =  0  implies  no  rariability  what  so  erer.  Hence  the  expected  ralue  of  jr  is  a  per¬ 
fect  description  of  y  .  While  on  the  other  hand,  1/3=00  implies  that  the  random  rariable  y 
is  so  rariable  that  its  expected  ralue  is  of  little  use  in  describing  the  rariable.  In  our  treatment 
we  will  use  a  form  equiralent  to  (5) 


The  electromagnetic  matrices  of  interest  hare  ail  been  representable  in  the  form 


kM  —  P'  MP  and  their  expected  ralnes  hare  had  the  form 

. 

ah  •  •  •  6 
6  a 

b  a 

We  will  find  the  same  true  for  rariation.  Therefore,  we  will  derelop  the  rariation  only  for  the 
scattering  matrix  since  these  results  are  immediately  transferable  to  any  other  matrix  of 
interest. 

Prom  Stochastic  Property  3  we  hare  the  expected  ralue  of  the  ij th  element  of  the  matrix 

S2  =  S'  S  as 


E[M\  = 


£[5*]  - 


jrEE’i 

"  i  k 


diag. 


S  S  E  *tH,  «//  dia9- 


N*-N  iki 
i+i 


Then  by  (4)  and  (5)  the  coefficient  of  rariation  for  on  diagonal  elements  is 

1/2 


v  = 


<i  ?  **>’ 


For  thi  off  diagonal  elements  the  coefficient  of  rariation  is  from  (5)  and  (0) 


t.  PROPERTIES  OP  A  RANDOM  LAY  CABLE  WITH  STOCHASTIC  RESISTIVE  TER* 
MINATION 

Consider  a  random  lay  cable  of  N  conductors  with  a  ground  plane.  Assume  that  its 
characteristic  impedance  is  of  the  form 


Let  the  tth  conductor  be  terminated  with  a  resistance  r,-  which  is  an  independent  random 
variable  taking  on  values  zero  to  infinity  with  a  probability  density  /(r,)  .  Then 


Consider  the  Scattering  Matrix  in  the  form  [3] 

S  =  [ZT  -  Zt  |  •  \ZT  +  zj-1 

An  invigorating  exercise  in  matrix  algebra  using  (8)  and  (9)  yields  for  the  tth  row  and  /th 


column  of  the  scattering  matrix  & 


(r,+«-*K»V+«-*) 


(fy+a-6-Mr)6 

(ry+a-*)a 


+  W(iJ) 


i*3 


(r,+a-6)2 


+  W(i,l)  i  =  j 


(10) 


where 


k 


i-*E 

I 


I 

(r,+a-6) 


Wi,j)  =  S 

i 


kb 2 

(rl-+a-t)(ri+e-6) 


Example  Calculation 

Let  /  be  the  current  vector  at  the  termination.  Then  from  [4] 

i = -  vj 


Taking 


V . 


1 


where  1  is  a  column  of  l’s  .  It  follows  that 


V  *  S  ■  Zc 
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We  wish  to  find  the  probability  that 


l  -Z;'  s  Ze  •  1  >  N.  (II) 

For  the  N  =  2  ease,  take  Ze  as  in  (7)  and  from  (10) 

(rraKr8-t-a)  +  b2  -26(rra) 

(r,+a)(ra+a)  -  b2  (fi+a)(r2+a)  -  b2 
-26(r2-a)  ( r2-« )( rt-»-a )  +  b2 

(r,+a)(r2+a)  -  6 2  (r,+a)(r2+a)  -  b2 

Simplifying  notation 

*H  *12 

^  =  *21  *22. 

Then  condition  (11)  is  equivalent  to 

~{a-b)  >  a(«u+*t2)  -  M*21+*22)  U3 

where  it  has  been  assumed  that  a  -  6  >  0  .  If  not,  reverse  the  inequality. 

Assume  that  st,  +  «12  and  a2i  +  are  independent  random  variables  distributed 

uniform  [—1,1]  .  Then,  with  u  =  a(«u+s12)  -  6(*2l+*22)  » 

a-b<u<a  +  b 

a+6<u<a-6 

a  -  b  ,=  u  <  -a  +  b 


_(.+6-.) 
/(.)=  I 

-4r(«+*+«) 


Integrating 


v  a;  v:  v-v  *. 


*■.  •_:  .-w .  .*•.  .  •-  *r.  ■_  •r’  ^r.  ^r.  * 


'■'*-<•>  -  iar +  3“-*' 


Setting  t  »  ~{«-6)  we  get 


Pf(«<-(«-6))  = 


— d+6 

4ab 


note  that  our  aeeamption  that  a  -  6  >  0  implies  that  if  a  >  0  (a  <  0)  then 
6  <  0  (6  >  0)  mast  hold  for  (13)  to  occur. 


I.  RECOMMENDATIONS 


I  believe  that  there  are  two  areas  for  further  research  and  at  least  one  immediate  application 
for  these  results. 


1.  Intuitively  it  appears  that  the  random  lay  cable  results  will  be  applicable  far  beyond  the 
simplistic  assumptions  of  the  model.  Indeed  any  equally  probable  random  perturbations  which 
can  be  expressed  as  ij  interactions  should  produce  Stochastic  Property  2.  This  assertion  needs 


2.  The  treatment  of  random  resistive  termination  can  be  extended  to  random  impedance  in  a 
straightforward  manner.  However,  in  general,  the  resulting  probability  integrals  will  require 
numerical  techniques  for  solution.  This  is  fine  for  a  specific  calculation  but  hinders  development 
of  the  distribution  theory. 


In  approaching  the  general  distribution  theory  one  can  perhaps  identify  assumptions  about 
the  distributions  of  the  Zj  and  Zq  matrices  that  lead  to  tractable  probability  integrals.  The 
preferred  approach,  however,  is  to  identify  probability  distributions  for  Zf  and  Zq  that  in 


some  sense  agree  with  the  real  world  and  then  do  battle  with  &  .  This  will  almost  certainly 


produce  as  intractable  result.  But,  since  the  result  most  be  a  probability  distribution  function 
it  can  almost  certainly  be  approximated  with  a  tractable  expression.  Such  a  result  would  not 
only  further  development  of  the  general  distribution  theory  but  knowledge  of  the  behavior  of 
the  functions  is  likely  to  yield  physical  insight  into  the  random  lay  cable  problem. 

Finally,  even  in  this  rudimentary  from  the  random  lay  cable  model  has  an  immediate  practi¬ 
cal  application  to  EMP  experiments.  The  model  can  at  least  give  an  indication  whether  in  a 
particular  experiment  “random  lay”  will  be  an  important  factor  that  might  alter  results. 
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ABSTRACT 


Choices  at  four  major  decision  points  faced  by  researchers  using 
factor  analysis  were  compared  first  through  a  review  of  their 
theoretical  bases  and  second  through  application  of  methods  to  a 
set  of  data.  The  purpose  of  the  study  was  to  determine  what 
choices  would  be  most  suitable  for  use  with  the  proposed  revision 
to  the  Organizational  Assessment  Package  used  by  the  Leadership 
and  Management  Development  Center.  The  decision  points  include: 
extraction  technique,  rotation  criterion,  number  of  factors  rule, 
and  the  procedure  for  estimating  scores,  including  the  technique 
for  weighting,  and  the  technique  for  computing  composites.  Only 
the  first  comparison,  the  theoretical  bases,  is  reported  here; 
a  more  comprehensive  version  of  this  report  will  appear  as  one 
section  of  a  technical  report  to  be  published  by  the  Leadership 
and  Management  Development  Center.  That  report  will  include  the 
second  comparison,  the  application  of  methods  to  a  set  of  data. 
Recommendations  regarding  each  of  the  four  decisions  are  made. 
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I.  INTRODUCTION 


Factor  analysis  allows  social  scientists  to  bring 
many  interesting  constructs  down  to  the  empirical 
arena  by  measuring  them  in  an  adequate  way,  or  — 
better  —  in  a  way  that  may  be  adequate  the 
[process]  is  fed  with  accurately  chosen  and 
measured  data,  and  the  [technical]  phases  are 
steered  by  a  combination  of  semantic  competence, 
experience  with  empirical  research,  familiarity 
with  the  substantive  domain,  solid  [theoretical] 
foundations,  and  a  good  deal  of  common  sense  .  .  . 

(Marradi,  1981,  p.  12). 

The  major  decisions  faced  by  researchers  using  factor  analysis, 
"a  set  of  multivariate  statistical  techniques"  (Cooper,  1983,  p.  141) 
appear  to  be  four.  If  one  chooses  to  view  them  as  sequential  then 
they  may  occur  in  an  order  something  like  this: 

1.  the  technique  for  extraction ; 

2.  the  criterion  for  rotation; 

3.  the  rule  for  number  of  factors  to  retain;  and, 

4.  the  procedure  for  estimating  scores,  including, 

a.  the  technique  for  weighting,  and 

b.  the  technique  for  computing  composites. 

Although  presented  here  as  separately  defined  and  progressive,  the 
decisions  are  not  so  clearly  delineated  during  the  actual  research 
process.  As  work  on  the  Organizational  Assessment  Package  (OAP) 
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approached  its  tenth  year,  those  four  decisions  were  examined  in  the 
light  of  the  latest  research  on  factor  analysis  to  determine  their 
suitability  for  a  proposed  revision  to  the  OAP.  At  the  same  time, 
considerable  effort  was  made  to  identify  any  changes  in  the 
"substantive  domain"  or  "theoretical  foundations"  of  the  research 
program.  For  instance,  in  the  early  days  stress  was  not  included 
as  a  formal  variable  or  factor  of  interest;  yet  in  later  years,  as 
the  organizational  theory  knowledge  base  expanded,  stress  became 
relevant  in  organizational  assessment.  Considerable  thought' also 
was  given  to  isolating  transitions  in  objectives  that  may  have 
transpired  over  the  duration  of  the  program.  Early  in  the  research, 
for  example,  "valid"  and  "reliable"  individual  factors  were  of  primary 
importance.  As  responsible  parties  grew  more  experienced,  both  in 
measurement  and  instrumentation  and  in  consultation,  theoretical 
relationships  among  the  factors  emerged  as  important.  This  type 
transition  naturally  leads  to  reconsideration  of  data  analysis 
methods,  more  specifically,  to  reconsideration  of  the  four  decisions 
listed  above. 

The  first  decision  facing  users  of  factor  analysis  is  what 
type  extraction  technique  to  use.  During  the  developmental  work 
done  on  the  OAP,  principal  components  analyses  was  the  chosen  method 
for  extracting  factors.  That  original  decision  apparently  was  based 
primarily  on  that  method's  utility  in  discovering  interpretable  factors 
(Guilford  &  Lacey,  1947)  and  secondarily  on  its  utility  in  extracting 
replicable  factors  (Hightower,  1982;  Hightower  &  Short,  1982;  Short 
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&  Hamilton,  1981).  Guilford  (1981,  p.  411)  states  that  "replications 
are  essential  for  credibility  and  for  scientific  respectability." 

The  other  three  decisions  related  to  factor  analytical  techniques 
for  the  OAP  included  the  use  of  orthogonal  rotation-varimax  technique; 
the  Kaiser-Gut tman  "Kl"  (Guttman,  1954;  Kaiser,  1960;  Kaiser  & 

Caffrey,  1965)  and  Cattell  (1966)  scree  rules  for  number  of  factors 
to  retain;  and  a  "factor-based"  (Alvin,  1973)  procedure  for  weighting 
scores  for  truncated  composites. 

II.  OBJECTIVES 

Each  of  these  four  decisions  was  re-considered  in  the  study 
reported  here;  an  effort  was  made  to  obtain  at  least  one  comparison 
of  techniques  for  each  decision.  In  some  cases,  the  choice  of  alter¬ 
natives  was  made  difficult  by  their  sheer  numbers.  The  plenitude  of 
options  for  each  decision  required  that  their  examination  here  be 
somewhat  cursory.  However,  although  options  may  not  be  discussed 
here  in  sufficient  detail  for  the  reader's  own  purposes,  references 
are  cited  so  that  the  curious  may  pursue  their  specific  interests. 

Table  1  is  a  simplified  chart  of  the  four  factor  analysis 
decisions  of  interest  here. 

TABU  1.  Four  Critical  Declaim*  In  factor  Analysis 


DECISION 

OAP 

COMPARISON 

1)  Extraction 

PCA 

FA 

2) 

Rotation 

Orthogonal 

Ohllqua 

3) 

Muabar 

Kl 

Residuals 

Sena 

Strength 

*) 

Estimation 

Trial  ca  tad 

Tnaicatad 

Composite 

Composite 

Weighting 

All-or- 

All-or- 

Nona 

Nona 

Computing 

Meaner 

Sun* 

In  coluan  two  are  the  choices  made  by  the  early  OAP  researchers, 
coluan  three  are  the  techniques  chosen  for  comparison  by  current 
researchers.  Section  III  of  this  paper  discusses  the  theoretical 
differences  among  available  choices  for  each  of  the  four  decisions. 
Section  IV  presents  recommendations  based  upon  Implications  from 
theory.  (NOTE:  The  abbreviated  literature  review  in  Section  III 
forms  the  basis  of  the  SCEEE  report:  more  comprehensive  versions 
of  Sections  III  and  IV  are  included  in  a  technical  report  to  be 
published  by  LMDC.) 

III.  IMPLICATIONS  FROM  THEORY 

A.  First  Decision;  Technique  for  Extraction  of  Factors. 

Two  of  the  more  popular  factor  analysis  techniques  are  principal 
components  analysis  (PCA)  and  common  factor  analysis  (FA).  The 
researcher  who  chooses  to  use  either  PCA  or  FA  most  likely  has  one 
of  two  purposes  in  mind  (Everett  &  Entrekin,  1980).  Basically, 
either  the  goal  is  to  reduce  a  large  nuafcer  of  variables  to  a  smaller 
number,  that  is,  to  furnish  a  linear  composite  as  a  summary  measure; 
or  the  goal  is  to  identify  patterns  of  in ter correlations,  that  is, 
to  analyse  the  underlying  structure  of  observed  variables.  Tabachnlck 
mid  Li dell  (1983)  expand  these  two  major  goals  into  four,  and  Rummel 
(1967)  into  a  description  of  ten  overlapping  uses  of  factor  analysis. 

Principal  components  analysis  produces  components  (Hotelling,  1933); 


factor  analysis  produces  factors  (Spearman,  1904,  1927;  Thurstone, 

1935,  1947).  For  ease  of  usage  the  term  factor  will  be  used  here  to 
refer  to  both  except  where  distinction  is  necessary.  The  term  "factor" 


has  long  been  used  by  the  OAP  researchers  for  convenience  even  though 
accuracy  would  demand  the  use  of  the  term  "component"  (Lowe  et  al. , 
1984)  given  their  choice  of  extraction  techniques.  The  primary 
differences  between  the  two  procedures  are  the  goal  of  the  analysis 
and  the  variance  that  is  analyzed. 

The  goal  of  PCA  is  to  extract  maximum  variance  from  the  data 
set  with  each  component.  PCA  is  the  solution  of  choice  for  the 
researcher  who  is  primarily  interested  in  reducing  a  large  number  of 
variables  down  to  a  smaller  number.  PCA  is  also  recommended  as  the 
first  step  toward  a  more  detailed  factor  analysis  (FA)  (Tabachnick  & 

Li  dell,  1983). 

Principal  factors  extraction  (FA)  differs  from  PCA  in  that  its 
goal  is  to  identify  underlying  dimensions  not  easily  recognized  or 
observed.  Mathematically,  the  difference  involves  the  contents  of 
the  principal  diagonal  in  the  correlation  matrix.  In  PCA  the 
correlation  matrix  which  is  factored  has  unities  in  the  diagonal, 
and  in  FA  there  are  communality  estimates  in  the  principal  diagonal 
(Rummel,  1970;  Hair  et;  al.  ,  1979). 

Comparison  of  these  models  suggests  that  factor  analysis,  with 
its  concern  for  hypothetical  underlying  observed  behavior,  will  please 
those  concerned  with  behavioral  theory,  while  components  analysis  may 
be  regarded  as  a  data  analysis  and  reduction  technique  (Farr,  1971). 
This  differentiation  in  applications  was  of  interest  to  the  OAP 
researchers  as  they  sought  to  recognize  transitions  in  objectives 
that  have  occurred  over  the  years  of  the  program. 
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Specifically,  if  one  considers  goals  as  ends,  and  objectives  as  means 
to  those  ends,  then  one  can  see  that  means  may  change  frequently  while 
the  ends  (goals)  remain  the  same,  that  is,  organizational  assessment 
and  development  remain  the  goals  while  the  means  to  achieve  the  goal 
are  modified  by  advances  in  statistical  theory  as  well  as  organizational 
theory.  (For  a  thorough  description  of  such  changing  objectives,  see 
"The  Establishment  and  Growth  of  the  Leadership  and  Management 
Development  Center,  1975-1980"). 

B.  Second  Decision:  Criterion  for  Rotation  of  Factors. 


After  extraction,  rotation  is  used  to  improve  the  interpretability 
and  scientific  utility  of  the  solution.  Immediately  the  researcher 
encounters  a  problem  because  there  are  such  a  large  number  of  rotation 
criteria  available,  all  accounting  for  the  same  amount  of  variance 
in  the  original  data  (Tabachnick  &  Lidell,  1983).  Each  represents 
factors  defined  slightly  differently;  and  since  each  is  mathematically 
equivalent  to  the  others,  each  can  be  advanced  as  "best." 

A  fundamental  decision  is  required  between  orthogonal  and 
oblique  rotation  techniques.  In  orthogonal  rotation,  the  factors 
are  uncorrelated  with  one  another.  Results  involving  uncorrelated 
patterns  are  easier  to  communicate,  and  the  loadings  can  be  interpreted 
as  correlations  (Rummel,  1967).  Thus,  when  the  original  OAP  researchers 
chose  orthogonal  rotation,  they  chose  ease  of  description  and 
Interpretation.  Also,  since  they  intended  using  factor  score 
estimates  (actually  "factor-based"  estimates) ,  for  comparing  factor 
structure  among  groups,  orthogonal  rotation  proved  advantageous. 


The  specific  orthogonal  rotation  technique  chosen  by  the  early 
researchers  was  varimax  rotation.  The  goal  of  varimax  rotation  is 
to  make  the  factors  as  simple  as  possible  by  maximizing  the  variance 
of  the  loadings  across  variables. with in  factors,  that  is,  to 
maximize  the  variance  of  the  square  of  the  loading  in  each  colunn 
of  the  factor  matrix  (Cooper,  1983).  More  simply,  varimax  rotation 
maximizes  the  variance  of  the  factor  loadings  for  each  factor  by 
making  high  loadings  higher  and  low  ones  lower. 

However,  for  all  its  conceptual  simplicity,  orthogonal  rotation 
is  not  an  advantage  if  it  distorts  the  true  relationships  among 
factors  by  imposing  independence  on  correlated  dimensions.  In  most 
factor  analytic  situations,  it  seems  more  likely  that  factors  are 
correlated  than  that  they  are  not,  since  clusters  of  variable  '  in 
the  "real  world"  are  more  likely  than  not  related  to  one  another 
(Rummel,  1967).  As  the  current  OAP  researchers  and  consultants  delved 
into  the  subject  matter,  theories  of  organizational  behavior,  they 
began  to  recognize  the  interrelatedness  of  the  factors  with  which 
they  work  and  to  scrutinize  the  decisions  of  their  predecessors. 

In  other  words,  they  began  to  speculate  that,  besides  yielding  more 
information,  oblique  rotation  appears  justified  on  theoretical 
grounds;  the  underlying  structures  producing  the  results  —  the  factors 
do  not  operate  independently  of  one  another  In  reality  (Tabachnick  & 
Lidell,  1983).  In  theoretical  terms,  that  would  be  like  proposing 
that  perception  of  job  stress  is  not  correlated  with  perception  of 
availability  of  organizational  support  (i.e.,  materials,  tools, 


etcetra,  necessary  to  do  the  job). 

The  specific  oblique  rotation  technique  chosen  for  comparison 
with  varimax  was  direct  quartimin.  Actually,  both  direct  quartimin 
and  direct  oblimin  were  used,  but  for  reasons  discussed  elsewhere, 
direct  oblimin  was  discontinued  early  in  the  analysis.  The  goal  of 
both  oblique  techniques  developed  by  Jennrich  and  Sampson  (1966) 
is  to  simplify  loadings.  Other  oblique  rotation  schemes  proceed 
by  optimizing  a  simplicity  function  applied  to  the  reference 
structure;  they  are  plagued  with  the  problem  of  rotating  to 
singularity.  The  algorithm  derived  by  Jennrich  and  Sampson 
avoids  this  problem. 

Oblique  rotation,  then,  seems  more  desirable  because  it 
is  theoretically  and  empirically  more  realistic  (Hair  et  al. ,  1979). 
Recognizing  correlations  between  factors  means  that  the  search  for 
meaning  can  be  carried  to  the  second  order  using  factor  analysis 
or  other  analysis  of  covariance  techniques.  The  general  hypothesis 
given  by  Joreskog  (1970)  for  the  analysis  of  covariance  structures 
corresponds  to  a  second-order  factor  model  (McDonald,  19  79). 

The  factor  correlations  themselves  may  be  factor-analyzed  to  determine 
the  more  general,  the  more  abstract,  the  comprehensive  relationships 


and  the  more  pervasive  influences  underlying  phenomena  (Rummel,  1967). 


to  Retain. 


Determining  the  number  of  components  or  factors  to  retain  is 


)  ~  usually  the  third  major  decision  to  be  made;  it  is  complicated  when 
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some  method  of  rotation  has  been  performed.  The  nunfcer  of  factors 
problem  has  no  general  solution  even  though  it  is  more  important 
than  selection  of  extraction  and  rotation  techniques  (Tabachnick  & 
Lidell,  1983).  "The"  appropriate  rule  apparently  is  still  waiting 
to  be  discovered.  According  to  Horn  and  Engstrom  (1979)  fifty 
years  of  research  have  offered  50  rules,  none  of  which  is  considered 
"the"  solution  to  the  number  of  factors  problem. 

In  examining  the  decision  about  the  nunher  of  factors  to  retain 
four  of  Runnel's  "rules  of  thumb"  were  chosen  for  consideration. 

TWo,  the  "Kl"  and  Cattell's  scree  are  used  by  the  OAP  researchers ; 
two  additional  rules  were  chosen  for  comparison  in  this  study. 

In  their  1982  article,  Zwick  and  Velicer  give  a  brief  but 
excellent  description  of  several  rules,  including  two  of  interest 
here.  The  following  discussion  relies  heavily  upon  their  introduction 
and  upon  that  of  Runnel  (1970).  The  appropriate  rule  for  PCA  is 
considered  by  some  (Lee  &  Comrey,  1979)  to  be  Raiser-Gut tman 
rule  but  by  others  to  be  Bartlett's  chi-square  (Zwick  &  Velicer, 

1982).  The  Kalser-Guttman  procedure  is  to  extract  all  factors  with 
eigenvalues  of  1.0  or  greater. 

Cattell's  scree  test  as  originally  proposed  (Cattell,  1966)  is 
to  plot  the  nunfcer  of  factors  against  the  proportion  of  variance 
each  extracts  and  then,  beginning  at  the  low  end  of  the  plot,  work 
upwards  looking  for  flatness  (Hakstlan,  Rogers  &  Cattell,  1982). 

After  fitting  a  straight  line  through  the  break,  retain  those 
eigenvalues  above  the  line.  The  scree  test  resulted  from  the 
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practical  obsarvatlon  that  tha  factor  variance  levels  off  when  the 
factors  are  largely  neaaurlng  random  error.  The  strengths  of  this 
technique  are  Its  apparent  simplicity  and  reported  validity,  the  ease 
of  plotting  eigenvalues  for  visual  Inspection,  and  Its  effectiveness 
when  strong  components  are  present. 

Examining  the  matrix  of  residual  correlations  Is  another  practical 
criterion  for  solving  the  nuaber  of  factors  problem.  If  all  the 
residuals  are  less  than  an  arbitrary  number  (say,  . 10)  then  the 
reproduced  correlation  matrix  is  very  similar  to  the  original 
correlation  matrix  and  extraction  la  adequate  (Tabachnlck  &  Udell, 
1983).  Practical  experience  will  suggest  a  cutoff  for  those  residuals 
not  high  enough  to  be  considered  meaningful  (Runsel ,  1970). 

The  fourth  criterion,  strength  of  relations,  depends  on  the 
size  of  the  factor  loadings.  In  the  case  of  orthogonal  factors, 
the  factor  loading  squared  is  the  proportion  of  variance  of  a 
variable  explained  by  the  factor.  Factors  may  be  excluded  as  "trivial" 
If  their  highest  loadings  account  for  no  more  than  5  or  10  per  cent 
of  the  variance  of  any  one  variable"  (Runnel,  1970,  p.  362). 

D.  Fourth  Decision:  Procedures  for  Estimating  Scores  and 
Creating  Composites. 

When  principal  components  analysis  (PCA)  is  the  multivariate 
technique  chosen,  "true"  scores  are  computed.  When  factor  analysis 
is  chosen,  scores  are  "estimated."  The  preceding  statements  are 
insidiously  simple.  One  must  not  accept  them  at  face  value.  The 
issue  of  factor  scores  is  complicated  by  various  approaches  and 
familiarity  with  them  is  necessary  in  order  to  avoid  making  mistakes. 
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The  term  "exact  scores"  or  "true  scores"  often  is  \nderstood 
and  used,  if  not  erroneously,  at  least  somewhat  carelessly.  A  true 
score  is  associated  with  principal  components  analysis,  and  is  a 
linear  combination  of  the  variables.  For  an  exact  and  ixiique 
solution  to  be  possible-,  the  nuafcer  of  factors  must  equal  the  nunfcer 
of  variables  (Runnel,  1970).  If  the  researcher  decides  to  extract 
only  factors  with  eigenvalues  greater  than  one ,  subjective  and 
arbitrary  judgment  enters  the  scene,  and  a  "true  score"  thus 
receives  it  first  modification,  its  first  shift  away  from  "truth." 

Complicating  the  issue  is  the  fact  that  exact  solutions  exist 
for  these  shifts,  these  truncated  composites,  and  can  be  derived 
(Rummel,  1970;  Kaiser,  1962).  These  "shifts"  are  then  easily 
taken  for  and  presented  as  original  "truth."  (For  a  comprehensive 
discussion  of  the  subjective  nature  of  factor  analysis,  see 
Marradi ,  19  79) . 

Factor  scores  or  factor  score  estimates  thus  must  Involve 
consideration  of  the  related  Issues  of  weighting  and  of  truncated 
composite  computation.  The  last  two  decades  have  seen  considerable 
attention  devoted  to  the  problems  of  estimating  conposite  scores 
for  unmeasured  variables  with  multiple  indicators.  According  to 
Saris  et  al.  (1978)  factor  analytic  models  have  received  the  bulk 
of  the  attention.  There  appear  to  be  three  primary  approaches  to 
scores:  exact,  regression  estimates,  and  conposite  estimates 
(Rummal,  1970). 

Subtypes  of  the  composite  estimate  approach  are  of  interest 


The  estimation  technique  that  the  OAP  researchers  utilize  for 
scores  is  "factor-baaed"  all-or-nooe  weighting  for  truncated 
composites.  To  explain,  the  first  modification  of  the  "true"  score 
is  made  when  the  nuaher  of  components,  or  factors,  is  determined. 

The  second  shift,  moving  further  from  "true"  scores,  occurs  when 
the  weighting  decision  is  made;  in  the  Instance  of  all-or-none 
weighting  (Cattell,  1976),  the  process  which  actually  occurs  is 
item  selection  for  the  composite,  or  truncation  of  the  "true"  score. 

Weighting.  Items  with  high  loadings  in  the  factor  pattern 
matrix  are  weighted  as  l's  and  items  with  low  loadings  are  weighted 
as  0's;  the  item  is  either  in  or  out,  all-or-none.  The  definition 
of  "high"  is  arbitrary;  most  frequently  .30  is  the  standard  (Hunter, 
1980;  Harris,  1967).  Marradi  (1981)  argues  that  "a  sharp  drop 
in  the  loadings'  magnitude  is  a  better  cutting  point  than  any 
predetermined  numerical  threshold.  Semantic  differences  between  the 
discarded  and  the  retained  Indicators  should  also  be  evaluated." 

With  the  OAP,  the  definition  of  high  is  .40,  with  the  corollary 
that  the  item  is  not  to  be  loaded  above  . 30  by  any  other  factor. 

Alwin  (1973)  investigated  five  of  Horn's  (1965)  procedures  for 
estimation,  for  differentially  weighting  variables,  comparing  them 
to  what  he  called  the  "factor-based"  estimation  procedure.  He 
concludes:  "While  the  methods  of  factor  score  estimation  are  perhaps 
quite  sophisticated  from  a  mathematical  point  of  view,  there  may  be 
little  defense  for  them  in  practice  .  .  .  even  under  the  best  of 
circumstances,  there  may  be  little  gained  by  way  of  predictive  and 


theoretical  power  by  tb*  us*  of  [differential  weighting]  method*. 

Su* milch  and  Johnson  (1976)  extended  the  study  of  scores  for  composite* 
and  concluded  that  differential  weighting  can  in  sob*  instances  be 
superior  to  "factor-based"  scoring  but  that  whether  the  techniques 
generally  make  a  difference  is  as  yet  undetermined. 

Computation  of  the  composite.  Calculation  of  the  factor  score 
estimate  can  be  accomplished  by  summing  the  scores  on  the  items 
which  were  selected  through  weighting  or  by  calculating  the  mean 
of  the  composite  (Cattell,  1957;  Guilford,  ,  Ghlselli  et  al. , 

1981).  The  OAF  researchers  use  the  mean;  their  truncated  composite 
is  calculated  by  summing  the  means  of  die  items  which  make  up  the 
factor. 

In  this  study  the  composite  was  compared  to  a  simple  sum  of  the 
items  included  in  the  trweated  composite.  The  weighting  procedure 
was  the  sarnie,  all-or-none.  Not  only  is  summing  the  simplest 
procedure  for  obtaining  a  factor  score  estimate,  but  evidence  indicates 
it  is  the  only  one  necessary  (Ghlselli  et  al. ,  1981).  Comrey  (1973) 
states  his  preference  for  "using  variables  that  are  total  scores 
summed  over  several  homogeneous  items  that  have  been  shown  to  be 
measuring  the  same  variables.  These  total  scores  have  many  more 
possible  data  points  than  [those]  associated  with  a  single  item. 

Such  scores  are  more  continuous,  tend  to  be  more  normally  distributed, 
and  are  almost  always  more  reliable  than  individual  item  scores." 
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IV.  RECOMCNDATICNS 


A.  Specific 

First  Decision:  Technique  for  Extraction  of  Factor*. 

Baaed  on  findings  in  die  literature  reviewed  here,  and  assuming 
that  the  Organizational  Assessment  Package  (OAP)  will  continue  to  be 
revised  and  updated  to  reflect  expanding  knowledge  of  organizational 
behavior,  principal  factor  analysis  (FA)  appears  to  be  the  appropriate 
technique  for  extracting  factors.  Two  corollary  recommendations  are: 
(1)  that  "test"  or  "enbryo"  factors  be  determined  first  through 
principal  components  analysis  and  then  through  principal  factor 
analysis.  To  add  two  new  factors,  stress  and  influence  tactic, 
to  the  assessment  package,  one  could  generate  10-12  items  that  appear 
to  cover  their  domains,  use  PCA  to  Identify  those  items  which  best 
reflect  the  constructs  (in  an  idealized  world)  and  then  use  PFA  to 
observe  how  the  factors  act  in  the  "real  world"  with  their  correlated 
cousins;  and,  (2)  that  "test"  factors  be  added  to  a  model  of  organi¬ 
zational  effectiveness  after  testing  of  the  factor  has  been  completed, 
after  the  embryo  has  become  an  adult.  (See  recommendations  under 
"General  "). 

Second  Decision:  Technique  for  Rotation  of  Factors.  The 
appropriate  technique  for  data  reduction  appears  to  be  orthogonal 
and  for  determining  underlying  structure  or  relationships  it  appears 
to  be  oblique.  Two  corollary  recommendations,  based  on  the  same 
assumption  in  the  previous  section,  are:  (1)  that  "test"  factors 
be  Identified,  tested,  and  refined  by  using  orthogonal  rotation- 


varlmax  technique;  and,  (2)  that  "adult"  factors,  added  to  the  model 
be  determined  using  oblique  rotation-direct  quartlmln  technique. 
Third  Decision:  Rule  for  Nuaber  of  Factors  to  Retain.  In 


modal;  Informally,  It  has  baan  saan  as  a  comm  1  cat  Ion  process  modal, 
a  motivation  modal,  and  a  group  dynamics  modal. 

The  confusion  seams  to  have  arisen  partly  from  the  fact  that 
un correlated  factors  (principal  components)  while  unrelated  in  the 
statistical /world,  are  related  in  the  real  world.  There  is  a  direct 
correlation  between  job  autonomy  and  job  satisfaction,  whether 
negative  or  positive.  In  explaining  results  to  supervisors,  one  has 
a  tendency  to  use  correlated  items,  items  one  knows  are  related, 
item  the  supervisor  knows  are  related,  instead  of  these  theoretical 
"uncorrelated  factors."  Principal  factor  analysis  (FA)  would  help  to 
alleviate  this  problematic  tendency  of  offering  single  items  as  valid 
and  reliable  Information  when  in  fact  they  contain  a  high 
proportion  of  measurement  error. 

A  second  issue  related  to  the  use  of  single  items  as  feedback 
material  is  the  combining  of  several  item,  each  developed  to  measure 
one  and  only  one  construct,  into  a  new  and  separate  construct.  This 
questionable  practice  might  be  avoided  if  the  measurement  instrument 
were  flexible  enough  for  developing  new  factors,  for  Instance,  stress. 
Influence  tactics,  delegation,  among  others.  The  model,  as  well  as 
the  measurement  instrument,  should  allow  for  revisions,  additions, 
substitutions. 

As  one  might  imagine,  a  model  of  organizational  effectiveness 
iritlch  includes  thirteen  factors  already  and  provides  for  additions 
and  revisions,  could  get  fairly  complicated  fairly  quickly.  Therefore 
use  of  an  additional  statistical  technique  is  recommended  for  testing 
hypotheses  about  relationships  among  factors  and  for  testing  the 
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The  unseen  delenination  of  composite  materials  is  a 
aajor  problem,  when  an  interlaainar  crack  occurs  it  aay 
crow  in  sise  by  three  different  nodes  which  are  dependent 
upon  the  stress  fields  surrounding  the  crack  tip*  If 
delaaination  becoaes  extensive  the  strength  of  the  coaposite 
material  becoaes  impaired  and  the  structure  is  subject  to 
catastrophic  failure. 

The  first  mode  of  fracture*  aode  I*  is  an  opening  aode 
caused  by  in  plane  «  normal*  interlaainar  stress*  The 
second  node  of  fracture*  aode  II*  is  a  slipping  aode  caused 
by  in  plane*  shear*  interlaainar  stress*  And*  the  third 
aode  of  fracture*  aode  III*  is  a  tearing  node  caused  by  out 
of  plane*  shear*  interlaainar  stress*  These  modes  of  frac¬ 
ture  can  be  predicted  by  determining  the  energy  release  rates 
for  aode  I*  aode  II  and  aode  III  fractures.  It  is  thought 
that  the  energy  release  rate  is  a  material  property  of  linear 
elastic  materials.  Thus  knowing  the  energy  release  rate  is 
important  in  the  designing  of  structures  made  of  composite 
materials . 

Methods  for  calculating  the  mode  I  energy  release 
rate*  Oj*  have  been  examined.  Whitney*  Browning  A  Hoogsteden 
[lj*  used  a  double  cantilever  beaa  to  calculate  Qj  and 
O'Brien  [2]  used  a  free  delamination  specimen  which  has  been 
modified  by  Whitney  and  Knight  [ 3] *  Methods  to  calculate  the 


node  ZZ  energy  release  rate,  0II#  are  now  being  explored. 

The  short  beaa  test  has  been  shown  to  fail  with  the  break 
down  of  bean  theory  due  to  the  shortness  and  large  width  to 
depth  ratio  of  a  short  bean.  The  aethod  explored  in  this 
work  is  a  cantilever  bean  with  a  starter  ernok. 

ZZ.  OBJECTIVES  op  THE  RESEARCH  EPPOBT 

The  subject  that  is  being  researched  is  the  energy 
release  rate  for  delaninating  composites  naterials.  Z  an 
attempting  to  derive  a  method  for  analyically  deternining 
the  node  ZZ  energy  release  rates  of  delaninating  conposites. 

III.  STATEMENT  OP  PROBLEM 

The  cantilever  bean  is  unidirectional,  [o°]8,  with 
a  starter  crack  at  the  midplane  of  the  free  edge.  An  un¬ 
attached  spacer  is  inserted  in  the  crack  at  the  free  edge  so 
as  to  allow  equal  distribution  of  load  on  each  cantilever 
formed  by  the  crack  and  to  renove  stresses  along  the  free 
surfaces  of  the  crack  surface. 

The  energy  release  rate  is  defined  as  follows i 

0  -  JH*  (X) 

da 

where  G  *  Gj  *  ®II  ^  ®III* 
u*  »  Pa/2, 

P  is  the  loading  and  is  constant, 

4  is  the  displacement,  and 


12-5 


m^TwaqragqaggsaEJggaMBLaa 


JHJeLV!'*!.*- 


;  j  77?*Z?TZST^Trrrrr7T7 


a  is  tha  crack  length* 

To  calculata  tha  deflection  as  a  function  of  crack 
length  tha  higher  order  laainated  plate  theory  aet  forth 
by  Whitney  and  Sunty]  and  Modified  by  Paganofs]  la  uaed. 

The  beaa  la  divided  Into  four  aectlona  aa  shown  in  figure  1* 

P 


fixed  edge  *j 


- 

Ti - 

1  ! 

1 

Ir 

1 

1  \ 

_ u 

> 

free  aurfacea 


free  edge 


)r*f 


figure  1. 


Model  for  plate  theory 


The  constitutive  equations  for  a  unidirectional 
coaposite  ia  written  aa  follows t 


» 

<*v 

< 

s  ( 

S. 

5, 

V 

'13 


c12 

c22 

c23 


Cl3 

c23 

C33 


C44 


'55 


®66 
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<*> 


•  V  V  V  * 


r  ?>*:  -  vv 


Is  ■  a 


•  i- 


NV-V-/-V--.' 

sv-v.*v.v'*:i* 

l*»  v  -’I- 


v\> 

r.v:-  :  >.  > 

r  *% 

•  V 

• 1  «**•*  »•*  »•  »•  •*!“ 
*I«  *»» 

>  i*-V-  * 


•r.  •*:.•>.  V 
'.■.v  .S  •  .N 


*  »,  v  •/  \  V 


L35  *  "k2itc44  <  >'y  , 

*  t3c66  <  >*yyA2  *  k2,tC53  # 

L55  -  t3c22  (  ).yy/l2  -  k^tCi*  , 

l66  *  -kjt3^  <  )»yy/12  * 

qx  *  *:.(V2)  -  (-t/2)  , 

qy  -  ?-yi(t/2)  -  rv#  (-t/2)  . 

q  -  *1  (t/2)  -  4  (-t/2)  . 

nx  *  {  21* (t/2)  ♦  til  (-t/2)  ^  t/2, 

*y  *  [^,(t/2)  ♦  *V«  (“t/2)]  t/2  ,  and 

*  *  |**(t/2)  ♦  *i  (-t/2)  ]  t/2. 

k  and  k 4  are  correction  factors  as  in  [k\ . 
The  laminate  constitutive  relations  are  given  by 

Ny  *  tC22V^y 

Nxy"  *66®,y 

(6) 

«y  -  t3c22a,y/3 

"xy- 

Qy  *  k2jtC|^(  A  +  W(y) 
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Ny  ■  *  at  y  »  L-a  and 


Ny  ■  0 

Nw  -  0 


at  y  *  L 


?  *  $ 


And  the  boundary  conditions  for  section  4  arc 


at  y«L-a 


at  y 
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isvls  r».t 


IT»  V""»  JL-*Ti  Jt^ii  .T"- '*  *  -Tl  •*”  • 


IV.  aOtmOff  XQ  PROBLEM 

Sine*  aeetion  1  and  2  are  connected,  interlaniner 
streeeee  nay  exist  and  the  displacements  u,  r  and  w  are 
continuous  across  the  boundary.  The  equations  (*  )  and  (5  ) 
for  seetions  1  and  2  and  the  continuity  equations  (?  )  and 
(8-  )  are  combined  to  yield  equations  (?  )  and  (10)* 


Ln  0 


♦  lt/2  -  tfe  ♦♦zt/2 

(7) 

A1t/2  »  V2  ♦■02t/2 

4»it/2  »  W2  ♦  +2t/2 

<S) 

-1 


-1 


-2144/t  0  -1 

-2L44A  -1 
-t/2  -t/2  0 


H 


(9) 
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r- 

r.  .  i  . 


Equations  (7)  and  (19)  can  bo  solved  to  obtain  tho 
following  solutions. 


t/^kjc^) 

-y/(b2‘tc23) 

0 

y/(k2tc23) 

0 

l/(2k,2C44) 
0 


l/(2kf*Caa) 


» 

A 

A 

B 

B 

A 

•A 

B 

-B 

C6  + 

E 

(C?o^  *C8i^  +0^'  *C10o‘'yM 

E 

P 

P 

•E 

E 

•P 

P 

(Cuo'»f’H31J)o^) 
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J.MiW. 
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The  solution  to  ths  problem  has  not  been  completed  at 
this  point  due  to  the  complexity  of  the  problem  and  the 
limited  time  to  solve  it.  It  needs  to  be  completed. 

The  results  although  not  completed  well  enough  indicate 
that  the  Ai4  does  not  appear  in  the  final  solution  whereas 
does.  This  indicates  that  the  deflection  depends  on  sine 
and  cosine  functions.  It  does  not  seem  likely  that  this  is 
the  case  but  no  error  has  been  found  to  account  for  it.  This 
problem  needs  to  be  addressed. 

Finally,  experiments  need  to  be  done  to  check  the 
validity  of  the  analysis. 
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ABSTRACT 

Absorption  spectra  of  the  band  of  silane  were  measured 
with  a  Fourier  spectrometer  at  a  resolution  of  0.06  cnf^. 
Measurements  were  accomplished  after  the  silane  (IX  In  Argon) 
was  thermally  excited  to  250°C  In  a  31  cm.  pathlength,  Pyrex 
cell  at  a  pressure  of  133  Torr.  The  region  for  which  absorption 
was  measured  covered  850  to  1000  cm"1.  Comparison  between 
spectra  at  a  temperature  of  250°C  to  that  of  21 °C  revealed  the 
enhancement  of  some  lines.  These  enhanced  absorption  lines 
either  resulted  from  the  excitation  of  higher  rotational  levels 
of  the  ground  state  or  from  the  excitation  of  the  first  excited 
vibrational  level.  For  this  reason,  this  experiment  is  not 
definitive  In  identifying  which  line  results  from  which  of  the 
two  possible  excitations.  Therefore,  the  present  study  serves 
the  purpose  of  providing  Initial  Identification  of  candidate 
lines  for  the  transition  from  the  first  excited  vibrational  level 
of  the  V4  band  of  silane. 


I.  INTBODUCTION 

The  deposition  of  an  amorphous  silicon  thin  film  is  vitally 
Important  to  ths  making  of  all  semiconductor  devices.  To  a  vide 
extent,  this  process  is  accomplished  by  plasma  decomposition  of 
monosilane  (SiH^) .  As  yet,  the  depositing  mechanisms  and  depositing 
species  are  not  fully  known.  Many  deposition  models  have  been  proposed, 
but  not  enough  is  known  about  the  deposition  process  to  give  any  model 
a  high  degree  of  predictability.  This  report  is  concerned  with  one  part 
of  the  complex  silane  chemistry  which  takes  place  in  a  low  pressure 
discharge  similar  to  those  used  in  deposition. 

It  has  been  suggested  that  neutral  species,  primarily  SiH^,  are 
responsible  for  most  of  the  deposition  of  the  silicon  fllm.^  It  is 
possible  chat  large  amounts  of  disilane  (Si^Hg),  formed  by  an  associative 
process  of  silane  (SiH^),  can  breakdown  to  SIH^.  Both  this  radical  and 
dial lane  have  been  detected  mass  spectrographically,1  but  it  is  not 
certain  whether  the  disilane  was  actually  formed  in  the  discharge  or  in 
the  ionizer  of  the  mass  spectrograph.  Therefore,  this  project  is  con¬ 
cerned  with  detecting  disllane  in  the  discharge  using  infrared  absorption 
spectroscopy.  This  would  remove  whatever  uncertainty  exists  concerning 
the  production  of  disllane  in  a  d.c.  discharge  of  silane.  It  is  hoped 
that  this  study  will  clarify  deposition  models  and  thereby  help  to  pre¬ 
dict  what  techniques  and  experimental  conditions  can  produce  a  more 
uniform  film  with  greater  purity  and  less  substrate  stress. 

II.  OBJECTIVES 
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The  objective  of  this  experiment  was  to  determine  under  what  total 

pressures  and  discharge  currents,  if  any,  is  disilane  (SijHg)  formed  in 

a  d.c.  gas  discharge  of  silane  (SIH^).  If  it  is  formed,  what  is  the 

relationship  between  the  loss  of  Bilane  and  the  formation  of  disilane? 
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XXX.  APPARATUS  AMD  CALIBRATIOH 

Figure  1  gives  a  pictorial  rsprsssntation  of  ths  apparatus.  Gas 
flow  was  through  ths  discharge  tube,  through  a  20.25a  "White"  type 
absorption  cell,  and  into  a  roughing  pump.  Regulating  the  flow  was 
accooplished  with  a  flow  aster  and  needle  valve.  A  glass  tube  of 
length  21  cm  between  electrodes  and  inner  diaaeter  of  2.2  cm  was  used  as 
a  discharge  tube.  A  baratron  capacitance  manometer  monitored  the  pressure 
of  the  gas  in  the  discharge  tube.  An  ammeter  monitored  the  current  in  the 
discharge  which  was  maintained  by  a  current  regulated  power  supply.  The 
infrared  beam,  provided  by  a  glow  bar,  passed  through  the  spectrcsneter, 
through  the  discharge  tube  and  absorption  cell,  then  onto  a  liquid*- 
nitrogen  cooled  Hg-Cd-Te  detector.  The  detector  was  interfaced  with 
a  computer  which  collected,  processed,  and  plotted  the  spectra  which  were 
then  inspected  for  the  Characteristic  spectra  of  disilane. 

Calibration  runs  of  silane  and  disilane  were  made  by  taking  spectra 
with  no  discharge.  Transmission  spectra  were  calculated  by  ratioing 
measured  spectra  against  background  spectra  with  the  cell  evacuated. 

This  ratioing  removed  system  influence  on  the  collected  spectra. 

Figures  2  and  3  show  typical  calibration  spectra  at  2.0  Torr  for 
silane  and  disilane  respectively.  The  path  length  of  the  "White"  type 
cell  was  set  at  its  maximum,  20.25m,  for  these  runs.  Figure  2  shows 
that  silane  does  not  have  a  definite  peak  at  1  cm  1  resolution,  but  it 
does  exhibit  a  broad  absorption  band  from  869-913  cm  1.  Figure  3  shows 
that  disilane  has  a  classic  P-Q-R  band  shape  with  a  width  of  50  cm~*  and 
centered  at  843  cm  1.  A  resolution  of  1  cm  1  will  clearly  resolve  this 


band  shape  if  it  is  present  in  spectra  obtained  during  a  discharge  run. 


IV.  CALIIKATIOW  COKVES 


Beer's  Law  seat**  that  tha  lntaoalty  of  radiation  passing  through 
an  abaorblng  gas  daeays  exponentially, 

I(v,p)  -  Io<v)a”k<v'p),u,  (1) 

where  I  la  tha  Intensity  of  the  radiation,  IQ  tha  incident  intensity, 

•v  the  frequency  of  the  radiation,  p  the  total  pressure  of  the  gas,  n 
the  partial  pressure  of  the  absorbing  spades,  x  the  path  length  Into 
the  gas,  and  k(v,p)  the  absorption  coefficient. 

If  the  radiation  has  been  passed  through  a  spectrometer  before  the 
absorbing  gas,  then  the  measured  signal  at  a  detector  placed  in  the 
beam  path  is; 

S(v,p)  -  ’^“dv'  (2) 

where  P(v-v')  is  the  spectrometer  Instrumental  line  ahape  (ILS)  function 
and  TJ(v' )  Is  the  spectrometer /detector  transfer  function  which  reflects 
the  efficiency  of  the  system.  With  no  absorbing  species  present  In 
the  gas  (l.e.  background  spectra)  the  signal  Is; 

S’Cv)  -  £<v-Vmv')  I0(w’)dv’  (3) 

Since  ^(V )  and  IQ(V)  change  very  slowly  with  respect  to  the  spec- 
trometer  ILS,  they  can  be  pulled  out  of  the  integral, 

SCv.p)  -  rfv)I0fv)^(v-v’)e"k(v'^,'p),“dv' 

S'  (v)  -rtv)I0«v)fl(v-v')  dv’ 

The  ILS  is  a  normalized  function,  so. 


S’(v)  -rtv)I ofv) 


and. 


(4) 

(5) 

(6) 

(7) 


Since  ktv-'v' ,p)  is  not  known  (in  general)  it  is  difficult  to  cal¬ 
culate  the  partial  pressure  of  the  absorbing  species.  The  following  is 
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a  aathod  for  circumventing  this  problaa. 

Calibration  curvas  of  path  langth  varaua  abaorbanca  obtainad  at 

constant  n  and  p  vara  uaad  to  determine  tha  partial  praaaura  of  tha 

absorbing  apaciaa  in  tha  discharga.  From  aquation  7  it  can  ba  saan 

that  tha  transmittance  haa  tha  same  dependence  on  both  path  langth  and 

partial  pressure.  Hanes,  fixing  tha  path  length  and  allowing  tha  partial 

pressure  to  change  (such  as  in  discharges)  has  the  same  effect  on  the 

transmittance  as  fixing  tha  partial  pressure  and  varying  the  path  length. 

Mathematically,  this  is  stated  as, 

n  x  "  n.x.  or  n.  •  n  xc  (8) 

c  c  d  d  d  c  —  ' 

xd 

where  the  c  and  d  subscripts  refer  to  calibration  and  discharge  runs 

respectively.  The  partial  pressure  of  the  absorbing  species  in  the 

calibration  runs,  nc,  and  the  path  length  in  the  discharge  runs,  x^, 

can  be  set  by  the  experimenter.  Therefore,  only  x  for  a  given  absorbance 

c 

need  be  known  to  calculate  the  partial  pressure  of  the  absorbing  species 
in  the  discharge,  n^.  (Note:  It  must  be  remembered  that  equation  8  is 
valid  only  at  a  given  absorbance.) 

To  determine  the  correct  xc  to  be  used  in  equation  8  for  any  given 
discharge  run,  calibration  runs  were  made  at  different  path  lengths  and 
fixed  total  and  partial  preasuras.  The  quantity  xc/xd  was  then  plotted 
against  the  absorbance  obtained  in  the  runs.  A  polynomial  curve  fit  to 
this  calibration  data  was  then  used  to  find  xc/xd  for  discharge  data. 

This  ratio  was  then  inserted  into  equation  8  to  calculate  the  partial 
pressure  of  the  absorbing  species  in  the  discharge,  n^. 

As  mentioned  earlier,  silane  does  not  exhibit  a  definite  peak  at 
I  cm  *  resolution.  Therefore,  an  integrated  absorbance  over  part  of  the 
silane  band  which  did  not  overlap  the  disilane  spectrum  (869-913  cm-1') 


put  .(  aA.  At  that  point  tha  production  of  diailana  fall*  off.  Figure 
9  ahows  that  tha  diailana  production  from  tha  diaaociated  ailane  falla 
off  with  incraaaad  currant.  Thaaa  facta  could  ba  due  to  one  or  both 
of  tha  following  reaaona: 

1.  Dissociation  of  tha  diailana  due  to  increased  collisions  with 
tha  electrons  of  tha  discharge. 

2.  Further  dissociation  of  tha  silane  ao  that  lass  radicals  are 
present  to  form  diailana. 

Tha  ratio  used  in  Figure  9  is  somewhat  misleading  because  it  is 
a  ratio  of  the  partial  pressura  of  silane,  containing  one  silicon  atom, 
to  that  of  dial lane,  containing  two  silicon  atoms.  From  a  silicon 
accountability  standpoint,  the  relevant  ratio  la  twice  that  used  in 
Figure  9.  In  other  words,  4  to  34Z  of  the  silicon  in  the  loss  of  ailane 
went  into  the  formation  of  dlsllane. 

The  conclusion  of  this  report  la  that  up  to  34Z  of  the  silicon  from 
dissociated  silane  in  a  d.c.  discharge  of  1Z  ailane  in  argon  forms  dlsllane 
under  the  following  experimental  conditions: 

Pressure:  1.0  to  2.0  Torr 

Flow  Rate:  35  to  118  seem 

Residence  Times:  7.1  to  12.0  use. 

Discharge  Current:  .1  to  1.5  mA 

It  is  hoped  that  this  conclusion  will  aid  in  the  understanding  of  the 
silicon  deposition  process. 

VI.  RE00MENDATI0NS 

It  is  recom ended  that  further  studies  of  discharge  products  in 
a  d.c.  gas  discharge  of  silane  be  carried  out  in  order  to  obtain  better 
understanding  of  the  silicon  deposition  process.  One  possible  study 
could  deal  with  finding  SiH^  in  the  discharge.  Another  study  could  deal 
with  the  rate  of  SIH^  formation  frpp  dlsllane  in  a  d.c.  gas  discharge. 
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Figure  4  -  Calibration  Curve  of  Silane 


Discharge  Current  (mA) 

Figure  9 

Formation  of  Si.H  to  Loss  of  SiH  versus  Discharge  Current 


Table  1 
Silane 


3"  Order  Polynomial  Curve  Fit  Correlation  Coefficient  •  .999 


1.0  Torr 

1.5  Torr 

2.0  Torr 

-8.5884xl0-4 

1.3439xl0-3 

-3.0339xl0”3 

1st 

-1.6108xl0_l 

-7. 704xl0-2 

3. 882x1 0”2 

2nd 

3.6748 

1.7820 

1.0431 

3rd 

-2.3791 

-7.5417x10”* 

-3.6834x10“* 

Table  2 
Disilane 


3"  Order  Polynomial  Curve  Fit  Correlation  Coefficient  ■  .999 


--^Pressure 

Order 

1.0  Torr 

1.5  Torr 

2.0  Torr 

0th 

6.7817xl0"4 

1.5492. 10“4 

1. 2020x1 o"3 

1st 

3.9267x10"* 

2.6724x10“* 

2.1072x10”* 

2nd 

9.6604xl0“2 

5.6648xl0“2 

2.4886xl0~2 

3rd 

-2.4097xl0_2 

-1.0014xl0”2 

-3.4888xl0'3 

Table  3 

Residence  Times  and  Flow  Rates 


Pressure 


1.0  Torr 


1.5  Torr 


2.0  Torr 


Flow  Rate  (seem) 
Residence  Time  (msec) 


118 


35 

12.0 


70 

9.0 


7.1 
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FINITE  ELEMENT  MODELING  OF  A  WALL  UNDER  BLAST  LOADS 

by 

Susan  M.  Cheney 
ABSTRACT 

The  results  of  several  blast  tests  on  reinforced  concrete 
boxes  are  attempted  to  be  duplicated  by  a  finite  element  model 
using  the  computer  code  Abaqus.  Half  of  the  front  wall  of  the 
box  is  modeled.  Loading  data  is  drawn  from  the  results  of  the 
blast  tests.  Two  models  are  developed,  a  larger  one  where  the 
properties  of  the  steel  and  concrete  are  smeared  together,  and 
a  smaller  one  where  the  horizontal  and  vertical  steel  rebars 
are  modeled.  The  concrete  material  model  available  with  Abaqus 
is  used.  Preliminary  results  were  obtained  by  the  end  of  the 
research  period,  and  a  description  of  the  further  work  to  be 
done  is  included. 
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reinforced  concrete  wall.  The  atteapt  to  aodel  the  difference 
between  etirrupe  end  dowel  rods  wee  not  to  be  Bade.  It  is 
intended  to  aodel  the  different  percentages  of  steel  reindorceaent 
in  the  wells.  The  author  did  not  expect  to  be  completely  finished 
at  the  end  of  the  research  period. 

III.  TEST  SERIES; 

Starting  in  August  1982  the  Air  Force  Engineering  and  Services 
Center  conducted  a  series  of  blast  tests  on  NATO  standard  concrete 
walls  under  the  direction  of  Lt.  Toa  Hilferty.  All  inforaation 
on  the  tests  and  the  illustration  were  provided  by  Lt.  Hilferty. 

The  first  series  was  to  test  the  effect  on  the  strength  of  the 
wall  of  the  percentage  of  steel  in  the  concrete,  and  to  deteraine 
the  relative  value  of  the  use  of  stirrups  over  the  use  of  dowels. 

The  tests  were  intended  to  siaulate  in  halfscale  the  effects  on 


a  two  foot  thick  wall  of  a  near  aiss  of  a  thousand  pound  boab 
exploding  on  the  ground  surface.  Therefore  the  actual  thickness 
of  the  wall  was  approxiaately  1  ft.  and  the  weight  of  the  explosive 
charge  was  half  that  in  a  thousand  lb.  boab.  The  actual  diaensions 
of  the  concrete  boxes  tested  are  shown  in  Fig.  1.  The  boxes  were 
bolted  to  a  large  angle-shaped  concrete  reaction  block  to  keep 
thea  in  place  during  the  tests.  The  reaction  block  had  a  sand 
bura  behind  it  to  keep  it  in  place.  Each  of  the  boxes  carried 
instruaentation  to  aeasure  the  pressure  exerted  on  the  wall  by 
the  blast,  the  strain  in  the  rebars,  the  deflection  of  the  midpoint 
of  the  wall,  and  the  acceleration  of  various  points  in  the  box. 

The  typical  instruaentation  layout  is  shown  in  Fig.  2.  The 
explosive  was  placed  on  the  ground  surface  a  short  distance  away 


FIG.1  Test  Specimen 

Table  1  Test  Parameters 


Test 

Percent 

Steel 

Shear 

Reinforcement 

SWT-1 

1% 

Stirrups 

SWT-2 

0.5% 

Stirrups 

SWT-3 

0.5% 

Dowels 

SWT-4 

0.25% 

Dowels 

SWT- 5 

2% 

Stirrups 

SWT-6 

0.25% 

Stirrups 
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fro*  Che  center  of  Che  wall.  A  total  of  six  tests  were  run, 
with  the  percentage  of  vertical  steel  varying  from  2Z  to  0.25Z  and 
using  either  stirrups  or  dowel  rods.  The  design  strength  of  the 
concrete  was  5000  psi,  and  36  ksi  steel  was  used  as  reinforcement. 
Percenta-ges  of  steel  and  shear  reinforcement  used  are  shown  in 
Table  1. 

The  instrumentation  yielded  a  large  amount  of  data,  although 
the  data  varied  considerably  from  test  to  test.  The  pressure 
guages  closest  to  the  center  of  the  blast  were  frequently  destroyed 
by  the  blast  and  there  was  little  good  data  obtained  on  the  pressures 
at  the  bottom  center  of  the  wall.  The  data  as  increasingly  better 
the  further  away  from  the  bottom  center  of  the  wall.  However,  in 
every  case  there  was  considerable  variation  in  the  pressures  recorded 
in  each  test.  The  data  from  the  accelerometers  was  used  to  obtain 
deflection  data.  The  deflections  recorded  by  the  accelerometers 
differed  significantly  from  those  obtained  by  the  scratch  test. 

Of  the  two,  the  scratch  test  data  was  considered  more  reliable 
because  it  gave  the  kind  of  decaying  sinusoidal  wave  that  was 
expected,  while  the  accelerometer  usually  gave  a  gradually  increasing 
curve.  The  data  on  the  strains  in  the  rebars  was  not  used  in  this 
project . 


IV.  MODEL: 

Much  time  was  wasted  in  attempting  to  find  a  model  which 
would  fit  in  the  computer.  There  was  no  sizing  routine  for  Abaqus, 
so  finding  a  model  small  enough  to  fit  in  the  computer  yet  large 
enough  to  give  good  accuracy  was  a  matter  of  trial  and  error.  A 
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number  of  different  models  were  tried  before  a  satisfactory  one 
was  found.  It  was  decided  to  model  only  the  front  wall  of  the 
box,  and  since  that  was  half-symmetric,  only  half  of  the  front 
wall  was  modeled.  The  0.25Z  steel  wall  was  chosen  to  be  modeled. 
The  first  model,  which  was  the  larger  of  the  two,  did  not  contain 
any  rebar  elements,  while  the  second  model  used  rebar  elements 
to  model  both  the  vertical  and  horizontal  steel  reinforcement  in 
both  the  inside  and  outside  faces. 

The  first  model  was  three  elements  (4  nodes)  deep  through 
the  thickness  of  the  wall,  12  elements  (13  nodes)  deep  along  the 
length,  and  23  elements  (24  nodes)  high.  The  second  model  was 
two  elements  deep  (3  nodes)  through  the  thickness,  12  elements 
(13  nodes)  deep  along  the  length,  and  23  elements  (24  nodes)  high. 
In  the  second  model  rebars  were  defined  running  horizontally  and 
vertically  through  the  center  of  each  element.  The  stirrups  or 
dowels  were  not  modeled,  although  they  could  have  been  modeled 
but  with  some  difficulty.  The  nodal  and  element  data  for  both 
meshes  were  generated  in  a  short  Fortran  routine  written  by  Ken 
Williams  of  the  Engineering  and  Services  Center  and  input 
directly  into  Abaqus. 

A  small  amount  of  difficulty  was  encountered  with  attempting 
to  define  only  one  rebar  per  element.  The  Abaqus  version  4-4-62 
would  not  accept  the  SINGLE  parameter  to  define  only  one  rebar 
per  element.  However,  this  difficulty  was  overcome  by  using  the 
default  option  to  define  a  row  of  rebars  in  each  element,  but 
setting  the  rebar  spacing  to  be  larger  than  the  length  of  the 
element.  This  produced  only  one  rebar  per  element  in  the  direction 
desired. 
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The  model  was  considered  to  be  fixed  along  the  bottom  to 
the  concrete  reaction  block.  Also,  the  model  was  considered  to 
be  fixed  along  the  back  face  where  the  roof  and  floor  joined 
the  wall.  This  meant  that  the  back  of  the  wall  had  to  be  fixed 
for  a  distance  of  12.5  inches  below  the  top  and  above  the  bottom 
of  the  wall.  The  elements  in  the  very  top  and  bottom  of  the 
mesh  were  made  slightly  larger  to  be  as  tall  as  they  were  deep. 
Thus  in  the  case  of  the  larger  mesh,  the  very  bottom  and  top 
three  elements  together  were  exactly  12.5  inches  high.  In  the 
smaller  mesh,  the  very  top  and  bottom  two  elements  together 
were  exactly  12.5  inches  high.  Fig.  3  shows  the  smaller  mesh. 

The  larger  size  of  the  elements  in  the  bottom  and  top  layers 
is  noticable. 

Also,  since  the  wall  was  assumed  to  be  half-symmetric  and 
only  one  half  of  the  wall  was  modeled,  certain  boundary  conditions 
must  be  imposed  to  maintain  half-symmetry.  Namely,  the  side  of 
the  model  that  is  at  the  center  of  the  wall  must  be  restrained 
in  the  X  direction  as  shown  in  Fig. 3. 

In  the  first  model,  which  contained  no  rebar  elements,  the 
value  of  Young's  modulus  chosen  was  the  reccommended  value  for 
f'c  »  5000  psi  concrete,  3.84x10^  psi,  increased  by  the  rule  of 
mixtures  to  account  for  the  0.25%  steel.  This  was  figured  to 
be  3.95x10^  psi  and  the  material  was  considered  to  be  isotropic 
since  the  steel  ratio  was  approximately  the  same  in  the  X  and  Z 
directions,  although  the  steel  ratio  in  the  Y  direction  was  much 
less.  Poisson's  ratio  for  concrete,  0.2,  was  increased  according 


to  a  formula  derived  by  Capt.  Paul  Rosengren  of  the  Engineering 
and  Services  Center  based  on  energy  methods.  This  was  calculated 
to  be  0.20255. 

In  the  second  model,  which  contained  rebar  elements,  there 
was  no  need  to  smear  the  material  properties  of  the  steel  and 
concrete.  Thus  the  value  of  Young's  modulus  for  concrete  was 
the  value  used  in  the  first  model  before  smearing,  3.84x10^  psi. 
Poisson's  ratio  for  concrete  was  considered  to  be  0.2.  Both 
the  concrete  and  the  steel  were  considered  to  be  isotropic. 

The  steel  was  considered  to  be  an  elastic-perfectly  plastic 
material.  For  the  steel,  Young's  modulus  was  taken  as  29x10^ 
psi  and  Poisson's  ratio  was  taken  as  0.3.  Yield  stress  was 
considered  to  be  36,000  psi. 

Both  models  used  the  concrete  material  option  contained  in 
Abaqus.  This  material  option  uses  the  Chen  and  Chen  failure 
surface.  The  yield  stress  was  taken  to  be  3000  psi  and  the 
ultimate  stress  was  taken  to  be  5000  psi. 

Loading  information  was  taken  from  the  data  provided  by 
the  pressure  guages  in  the  six  wall  tests.  The  pressure-time 
history  of  the  blast  was  modeled  as  a  double  triangle,  as  shown 
in  Fig.  4.  The  five  items  of  data  that  were  taken  from  each 
pressure  guage  on  each  test  are  also  shown  in  Fig.  4.  These  items 
of  data  are  the  peak  pressure,  the  time  of  arrival  of  the  blast 
wave,  the  time  of  the  peak  pressure,  the  intermediate  time,  and 
the  end  time.  The  intermediate  time  is  the  time  where  the  slope 
of  the  pressure  time  history  is  discontinuous  after  the  peak,  and 


FIG.4  Per 

•cent  Pres 
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urve 
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Arrival 

Peak 

] ntermediate 

End 

Time 

Time 

Time 

Time 

TH1 

0.6  msec 

0.7  msec 

1.0  msec 

1.62  msec 

TH2 

0.8  msec 

0.92  msec 

1.27  msec 

2.3  msec 

TH3 

1 .0  msec 

1.075  msec 

1.43  msec 

3.25  msec 

TH4 

l  . 2  msec 

1.245  msec 

1.72  msec 

4.0  msec 

the  end  tiee  is  the  tine  where  the  blast  pressure  finally  fades 
to  zero. 

The  data  for  each  pressure  guage  was  averaged  aaong  the 
six  testa,  except  in  the  case  of  the  pressure  guagea  closest 
to  the  center  of  the  blast,  P91,  P61,  and  P21.  These  three 
guages  were  destroyed  in  most  of  the  testa.  So  little  information 
was  obtained  for  these  guages  that  the  data  for  the  three  guagea 
for  all  six  tests  was  averaged  together  to  produce  one  value  for 
the  three  guages.  With  these  averaged  values,  three  graphs  were 
drawn  showing  the  peak  pressure  distribution  along  the  three  lines 
of  guages.  From  these  plots,  data  was  taken  to  obtain  the  equi- 
pressure  curves  shown  in  Fig.  S.  Equipressure  lines  are  labeled 
A-H.  These  equipressure  lines  were  used  to  break  the  front  face 
elements  up  into  equipressure  element  groups.  The  average  pressure 
values  used  as  the  loads  on  the  element  groups  are  labeled  as  L1-L7 

A  similar  process  of  data  averaging,  graph  plotting  and 
plotting  of  equipressure  lines  across  the  front  face  of  the  model 
was  followed  for  the  four  times  of  interest.  However,  the  four 
times  were  found  to  vary  independantly  of  each  other  across  the 
face  of  the  model.  In  other  words,  two  points  that  had  the  same 
arrival  time  might  not  have  the  same  peak,  intermediate,  and 
end  times.  Therefore  it  was  decided  to  divide  the  front  face 
of  the  model  up  into  four  equal  percent  pressure-time  history 
zones.-  These  zones  were  based  on  the  arrival  time  of  the  blast, 
because  the  arrival  time  was  the  most  easily  distinguishable 
time  point,  and  also  because  there  was  more  arrival  time  data. 
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L1  =  7900psi 
L2=6000psi 
L3=4000psi 
L4=2500psi 
L5=1500psi 
L6=  750  psi 
L7=  300  psi 

FIG. 5  Blast  Pressure  Distribution 


A=7000psi 
B=  50  00 psi 
C  =  3000  psi 
0  =  2000  psi 
E  =  1000  psi 
F=  500  psi 
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Even  when  the  pressure  guage  would  fail  under  the  blast,  the 
arrival  tiae  of  the  blaat  was  still  recorded.  The  peak, 
interaediate  and  end  tiaes  were  averaged  for  each  zone.  The 
arrival  tiae  distribution  and  the  equal  percent  pressure-time 
history  zones  are  shown  in  Fig.  6.  Equal  pressure  lines  are 
labeled  A-C,  and  equal  percent  pressure-tiae  history  zones  are 
labeled  TH1-TH4.  Information  on  the  peak,  interaediate,  and  end 
times  for  each  of  the  zones  is  given  in  Table  2. 

Abaqus  allows  the  user  to  input  the  peak  load  and  pressure¬ 
time  history  independantly ,  so  that  the  peak  load  and  pressure- 
time  zones  did  not  have  to  coincide,  and  they  do  not,  as  shown 
in  Fig.  S  and  Fig.  6.  Also  a  maximum  tiae  atep  of  0.2  asec  was 
chosen  for  the  first  S  msec,  which  coapletely  covered  the  tiae 
of  loading  for  all  of  the  elements,  and  a  maximum  time  step  of 
1  msec  was  chosen  for  the  next  20  msec,  for  a  total  analysis 
time  of  25  msec.  Abaqus  uses  a  modified  Newaark  method.  The 
default  damping  coefficient  was  used. 

V.  RESULTS: 

The  data  obtained  from  Abaqus  was  much  too  extensive  to 
permit  all  but  a  very  general  description  of  the  results.  Both 
models  were  producing  preliminary  results  at  the  end  of  the  ten 
week  program.  Fig.  7  shows  the  displaced  shape  of  the  back  face 
of  the  wall  shortly  after  the  blast  hit  the  bottom  of  the  wall. 
While  results  were  obtained  only  for  the  first  five  msec, 
it  seems  that  both  models  were  considerably  stiffer  than  necessary. 
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TH1  -  0.6  msec 


TH2-  0.7  msec 
TH3-1.0  msec 
TH4- 1.2  msec 

FIG.6  Arrival  Time  Distribution 


Displacements  were  approximately  a  tenth  of  what  was  expected 
from  the  results  of  the  blast  tests,  and  the  period  of  the 
vibrations  was  smaller  as  well.  This  could  be  due  to  several 
reasons.  The  maximum  time  increment  used  in  Abaqus,  0.2  msec, 
would  have  allowed  the  program  to  miss  the  peak  pressures 
applied  on  the  wall.  Missing  the  peak  by  even  a  short  time 
drastically  reduces  the  loading.  To  correct  this,  a  maximum 
time  increment  of  0.1  msec  for  the  first  1.8  msec  should  be 
tried,  followed  by  another  step  with  a  maximum  time  increment 
of  0.2  msec  until  approximately  5  msec,  which  more  than  covers 
the  time  of  loading  in  all  of  the  pressure-time  history  curves. 
Lastly,  a  final  step  should  be  added,  one  with  a  maximum  time 
increment  of  1  msec  for  the  next  20  msec.  This  would  make  a 
final  analysis  time  of  25  msec,  half  the  time  for  which  data  is 
recorded  in  the  blast  tests.  Also,  since  the  period  appeared 
to  be  shorter  than  expected,  a  reduction  factor  might  be 
applied  to  the  Young's  modulus  of  both  the  concrete  and  the 
steel.  A  series  of  runs  might  be  made  to  determine  if  an 
appropriate  correction  factor  is  the  same  for  all  percentages 
of  steel  used. 

However,  some  conclusions  can  be  drawn  from  the  preliminary 
data  supplied  by  Abaqus.  First  of  all,  it  seems  reasonable  to 
predict  that  some  cracking  would  occur  at  the  wall-roof  joint. 
This  prediction  is  based  on  a  much  enlarged  computer  drawing 
(too  large  to  include  in  this  paper)  of  the  displaced  structure 
showing  a  marked  tendency  of  the  joint  to  rotate,  even  though 
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ANALYSIS  OF  J-79,  J-57.  AND  TF-33  JOB  ANALYSIS 
QUESTIONNAIRE  ASSESSING  TASK  DIFFICULTY 


by 


Michael  D.  Coovert 
Abstract 

A  very  specific  job  analysis  questionnaire  was  developed  in  order 
to  measure  relative  difficulty  of  specific  tasks  on  three  different 
engines.  Descriptive  statistics  were  run  comparing  specific  items  with 
their  more  general  item  form  found  on  the  CODAP  surveys.  A  between 
engine  difference  was  found  on  phase  two  tasks,  with  J-79  tasks  being 
rated  more  difficult  than  the  tasks  for  the  J-57  and  the  TF-33. 
Additionally,  descriptive  statistics  were  utilized  to  compare  the 
specific  tasks  to  the  more  generalized  form  found  on  the  CODAP 
Surveys.  There  appears  to  be  only  small  differences  between  the 
specific  versus  the  more  general  item  forms. 
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I.  Introduction 


This  study  Is  a  very  snail  piece  of  a  much  larger  Air  Force  project 
that  calls  for  the  development  of  measurement  techniques  which  will 
allow  for  the  collection  of  valid,  accurate,  and  reliable  hands-on 
performance  Information  that  can  be  related  to  recruit  capabllltes.  Of 
the  jet  engine  mechanics  In  the  Air  Force,  a  good  portion  work  with  one 
of  three  specific  engines,  the  J-79,  J-57,  or  the  TF-33.  General  task 
data  describing  the  Jet  Engine  Mechanic  is  maintained  In  the 
Occupational  Survey  Research  data  base. 

The  purpose  of  this  project  was  to  discern  the  answer  to  a  couple 
of  different  questions.  First,  are  the  tasks  In  the  Occupational 
Survey  Research  data  base  too  general  to  be  of  use  In  developing 
specific  measures  of  performance?  Second,  Is  there  a  great  enough 
variation  between  the  specific  engine  types  to  warrant  developing 
specific  tests  for  each  engine  type? 

II.  Objectives  of  the  Research  Effort 

The  primary  objectives  of  the  research  effort  were  to  provide 
descriptive  statistics  assessing  the  similarity  between:  (1)  the  task 
difficulty  survey  Items  and  the  CODAP  survey  Items  and  (2)  the  engine 
specific  items  and  the  general  or  "mother"  items  from  the  CODAP 
survey.  A  third  objective  was  to  assess  the  specific  differences 
between  the  engines  In  terms  of  task  difficulty  ratings. 

III.  Comparlslon  of  Task  Difficulty  with  CODAP 

The  scale  used  in  this  study  Is  the  same  scale  used  for  collecting 
occupational  data.  Task  difficulty  is  defined  In  terms  of  the  amount 
of  time  required  to  learn  to  do  the  task  satisfactorily.  The  scale 
point  anchors  are  as  follows:  1-extremely  low,  2-very  low,  3*low, 
4«below  average,  5>average,  6«above  average,  7»h1gh,  8»very  high, 
9«extremely  high. 
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One  purpose  of  the  study  was  to  examine  the  relationship  of  the 
engine  specific  task  statement  on  the  task  difficulty  survey,  with  the 
more  general  task  statement  ("mother"  item)  from  the  original  CODAP 
date  base.  Table  1  below  presents  a  side  by  side  comparison  of  the 
task  difficulty  survey  means  and  CODAP  means,  standard  deviations,  and 
rank-order  within  phases.  The  task  statements  are  clustered  according 
to  phase  as  they  appeared  on  the  task  difficulty  survey.  The  general 
task  statements  are  identical  to  the  task  statements  that  appeared  on 
the  original  CODAP  survey.  Phase  one  tasks  are  also  tasks  performed  on 
all  three  engines,  yet  more  specific  than  the  general  CODAP  task 
statements.  Phase  two  and  phase  three  tasks  are  engine  specific. 
Phase  three  tasks  are  also  clustered  by  functional  area,  that  is,  if 
they  are  performed  in  the  shop  or  out  on  the  flightline. 
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PHASE  III  -  J-57/FLIGHTLINE 
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.  Examination  of  Table  1  reveals  that  with  few  exceptions  there  does 
not  appear  to  be  large  differences  between  the  original  CODAP  rating  of 
a  task  and  the  task  difficulty  level  reported  on  this  survey. 
Likewise*  with  few  exceptions*  the  rank-order  of  items  between  the  two 
forms  Is  preserved. 

Another  useful  way  to  examine  the  relative  difficulty  of  groups  of 
tasks  Is  to  collaspe  over  Individual  Items  and  obtain  an  average 
difficulty  level  for  a  group  of  Items. 

Table  2  presents  the  mean  task  difficulty  of  tasks  In  a  phase  as  well 
as  the  standard  deviations  of  those  means. 


MEAN 


J-79 

J-57 

TF-33 

T.D. 

CODAP 

T.D. 

CODAP 

T.D.  CODAP 

T.D. 

CODAP 

GENERAL  4.99 

4.84 

PHASE  I  4.08 

4.31 

PHASE  2 

5.52 

5.12 

4.68  4.73 

4.17 

4.46 

PHASE  3/SHOP 

5.59 

5.43 

5.39  5.42 

5.28 

5.37 

1  PHASE  3/FL16HTL1NE 

5.21 

5.15 

4.91  5.04 

5.12 

5.32 

► 

L  . 

S.D. 

.97 

.82 

1  .88 

.66 

• 

1.05 

.58 

.53  .54 

.55 

.58 

• 

.71 

.55 

1.03  .75 

.89 

.61 

.91 

.84 

1.03  .91 

.77 

.74 

Table  2.  Means  and  standard  deviations  by  phase  and  engine  type  of  the 
task  difficulty  survey  and  the  original  CODAP  survey. 


i 

i  IV.  Differential  Difficulty  according  to  engine  type. 

m 

m 

W 

As  can  be  seen  from  Inspection  of  the  above  means*  the  J-79  appears 

B  to  be  a  more  difficult  engine  In  terms  of  the  amount  of  time  It  takes 
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to  learn  the  tasks.  To  explore  this  question  empirically,  the  average 
of  all  the  tasks  for  each  engine  type  within  a  phase  was  computed  for 
each  of  the  46  jet  engine  mechanics  who  completed  the  task  difficulty 
survey. 

Three  within  subjects  one-way  analysis  of  variances  were  performed 
for  phase  two,  phase  three/ shop,  and  phase  three/f light line  tasks.  The 
ANOVA's  were  1  (phase)  X  3  (engine  type:  J-79,  J-57,  and  TF-33). 
Table  3  presents  the  sumary  tables  for  each  of  the  three  ANOVA's. 

ANOYA  Summary  table  on  averaged  task  means  across  engine  types  for 
phase  two  tasks. 


Source 

SS 

OF 

MS 

F 

£ 

Phase  II 

44.07 

2 

22.03 

11.47 

.0001 

Error 

172.90 

90 

1.92 

Mean 

2728.85 

1 

2728.85 

Error 

121.13 

45 

2.69 

ANOVA  Summary 

table  on 

averaged 

task  means 

across  engine 

types  for 

phase  three  shop  tasks. 

Source 

SS 

OF 

MS 

F 

£ 

Phase  3-Shop 

2.07 

2 

1.03 

2.14 

N.S. 

Error 

43.52 

90 

.48 

Mean 

3749.92 

1 

3749.92 

Error 

101.92 

45 

2.26 

ANOVA  Summary 

table  on 

averaged 

task  means 

across  engine 

types  for 

phase  three  fllghtllne  tasks. 

Source 

SS 

DF 

MS 

F 

£ 

Phase 

3-F11ght11ne 

3.08 

2 

1.54 

.83 

N.S. 

Error 

166.55 

90 

1.85 

Mean 

3125.90 

1 

3125.90 

Error 

108.81 

45 

2.42 

Table  3.  ANOVA  summary  tables  for  each  of  the  1  (phase)  X  3  (engine 
type)  ANOVA' s  which  were  performed. 

The  only  significant  ANOVA  was  for  the  phase  two  tasks.  This 
indicates  that  learning  to  perform  the  phase  two  tasks  are 
significantly  more  difficult  for  the  J-79  than  for  either  the  J-57  or 
the  TF-33  jet  engine  (refer  again  to  table  2  for  the  means). 

V.  Comparison  with  'mother'  task  statements. 

Another  major  focus  of  this  project  was  to  compare  the  more 
specific  task  difficulty  task  statements  with  the  more  general  'mother' 
task  statement  as  it  appears  in  the  CODAP  data  base.  This  is  done  in 
order  to  help  determine  if  it  is  worthwhile  to  develop  the  more 
specific  task  difficulty  surveys  for  other  AFSC's.  Table  4  presents 
the  'mother'  task  statements  along  with  their  task  statement  number, 
mean,  and  rank  ordering.  Also  presented  are  the  task  statement  number, 
mean,  and  rank  order  of  the  tasks  by  engine  types  as  they  appeared  on 
the  task  difficulty  survey. 
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( «othtr'  task 

J-79  specific  .811 

J-57  specific  .830 

TF-33  specific  .800 

Table  5.  Correlations  between  the  engine  specific  tasks  and  the  nore 
general  'anther*  task. 

A  final  correlation  which  Is  of  Interest  Is  one  between  the  35 
Iteais  that  are  Identical  on  both  the  original  CODAP  survey  and  the 
specific  task  difficulty  survey  (the  general  (teas  listed  In  table  1). 
The  correlation  Is  .851.  Given  the  different  populations  surveyed  and 
the  different  Instructions  on  the  two  surveys,  this  Is  a  very  high 
correlation. 

VI.  Recommendations 

Generally,  there  are  only  Minor  differences  between  the  ratings 
provided  on  the  task  difficulty  survey  and  the  original  survey  Items. 
The  Mean  differences  and  rank  order  of  Items  fluxuated  very  little  with 
additional  support  being  provided  by  the  high  correlations  between  the 
'Mother'  task  Items  and  the  engine  specific  task  Items.  There  are 
between  engine  differences  with  the  J-79  being  More  difficult  than 
either  the  J-57  or  the  TF-33.  This  difference  Is  significant,  however, 
only  on  the  phase  two  tasks. 

Given  the  results  of  these  analyses,  this  author  reconaends  that 
tasks  should  be  selected  to  be  as  comparable  as  possible  across 
engines,  with  the  slight  increase  In  difficulty  of  the  J-79  tasks  being 
allowed  to  propagate  through  to  the  actual  performance  test.  This 
ensures  the  performance  measurement  tasks  will  be  as  face  valid  as 
possible  across  engines,  yet  will  still  reflect  the  real  world 
differences  between  the  engines. 

A  final  recoaMiendatlon  for  further  work  Is  to  artificially 
constrain  parts  of  the  data  set  and  then  try  to  predict  both  the  task 


difficulty  ratings  of  gancral  item  and  the  differential  difficulty  of 
the  task  between  engine  types.  This  would  allow  preliminary  Inferences 
to  be  made  regarding  the  utility  of  the  more  specific  task  difficulty 
data  versus  the  more  general  CODAP  data. 
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ABSTRACT 


This  report  describes  an  effort  to  more  fully  characterize  the  physiologic 
manlfastations  and  variation  induced  by  motion  and  motion  sickness  and  is  directed 
at  providing  an  automated  biofeedback  system  to  treat  the  disorder  in  aircrew. 

Work  is  underway  on  several  facets  of  a  multidisciplinary  effort  directed  to 
medical  considerations,  biomedical  design,  engineering,  computer  hardware  design, 
component  interfacing,  and  software  development.  These  energies  are  directed 
toward  the  acquisition  and  analysis  of  physiologic  data  to  more  effectively 
describe,  predict,  treat,  and  ultimately  obviate  motion  sickness  with  biofeedback 
techniques. 

The  areas  to  be  discussed  in  this  report  include: 

1.  )  A  review  of  the  general  descriptors  of  motion  sickness 

2.  )  Discussion  of  the  incidence  and  susceptibility  factors 

3.  )  The  anatomical  correlates  of  motion  sickness 
A.  )  Overview  of  the  motions  causing  the  disorder 

3.  )  Current  state  of  theories  of  motion  sickness  etiology 

6.  )  Current  status  of  treatment/prevention  regimens 

7.  )  Background  of  biofaedback  applications 

8.  )  Biophysical,  instrumentation  and  engineering  considerations 

9.  )  System  organization 

10. )  Currant  system  status  and  required  future  effort 
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I  INTRODUCTION 

In  the  last  few  years,  energy  has  been  directed  at  an  alternative  approach  to 
restore  airsick  aircrew  to  flight  status.  Researchers  at  Brooks  AFB  have 
successfully  treated  a  group  of  motion-sick  personnel  with  basic  biofeedback 
techniques.  Recently,  work  was  begun  by  Brooks/AFIT  on  the  implimentation  of  an 
automated  version  of  a  biofeedback/motion-sickness  trainer.  This  research  is  an 
extension  of  that  initial  effort. 

II  OBJECTIVES 

The  principal  objective  of  this  project  is  to  develop  the  integrated  hardware 
of  an  automated  biofeedback  trainer.  This  is  to  be  done  by  1.)  identifying  and 
studying  the  relevant  physiologic  parameters  seen  to  be  modulated  by  motion 
sickness,  2.)  developing  the  transducers  and  signal  precessing  hardware  to  permit 
analysis  of  these  signals,  and  3.)  combining  these  developments  into  a  usable 
display  and  analysis  system  that  would  enable  standardized  operation  of  a 
patient-responsive  therapeutic  device. 

III  REVIEW  OF  MOTION  SICKNESS 


Motion  sickness,  or  motion  maladaptation  syndrome (11),  a  generic  term 
describing  sea  sickness,  air  sickness,  car  sickness,  or  swing,  camel,  elevator, 
horse,  simulator,  cinerama  and  space  sickness,  is  characterized  by  the  symptom/sign 
complex  of  malaise,  pallor,  cold  sweats,  nausea  and  vomiting. 

The  onset  and  development  typically  follows  a  regular  sequence  beginning  with 
stomach  awareness.  With  the  continuation  of  an  unfamiliar  motion  stimulus, 
increasing  nausea  results,  with  the  concomitant  development  of  circuraoral  or  facial 
pallor  and  cold  sweats  (in  the  anatomical  regions  usually  concerned  with 
thermoregulatory  perspiration). 

An  accelerated  period  of  advanced  symptoms  follows  continued  motion 
stimulation,  the  "avalanche  phenomenon",  with  increased  salivation,  a  feeling  of 
warmth,  lightheadedness,  apathy,  malaise,  and  depression,  then  finally  retching  and 
vomiting. 

16-4 


Many  additional  signs  and  symptoms  of  motion  sickness  have  been  reported  and 
are  more  variably  manifested.  The  signs  include: 

1.  Cardiovascular  manifestations  of  increase  or  decrease  of  pulse  rate,  rise 
or  fall  of  blood  pressure  (BP),  reduced  peripheral  blood  circulation  in  the 
extremities,  fingers,  and  skin  of  the  head,  and  an  increase  of  muscle  blood  flow. 
(Graybiel  &  Lackner  felt  there  was  no  consistent  relationship  between  BP  and  heart 
rate  but  nonetheless  confirmed  a  lability  in  the  BP  )(19). 

2.  Respiratory  changes  of  increased  or  slowed  respiration  and  shallow 
breathing,  with  potential  sighing  or  yawning,  and  violent  diaphragmatic 
contractions  with  retching. 

3.  Gastrointestinal  signs  including  inhibition  of  stomach  motility  and  tone, 
duodenal  spasm,  inhibition  of  intestinal  tone,  salivation,  swallowing,  diarrhea  or 
constipation,  and  passage  of  flatus  or  beltching. 

4.  Hematologic  signs  which  are  numerous  and  variable  and  usually  secondary  or 
responses  to  other  generalized  or  systemic  changes. 

5.  Thermal  signs  that  have  included  a  fall  in  body  temperature,  and  a  fall  of 
skin,  mouth,  and  extremity  temperature. 

6.  Occular  changes  such  as  occular  imbalance,  miosis,  mydriasis  during  emesis, 
and  prolonged  nystagmus  (in  rotation  induced  motion  sickness)  (12). 

7.  An  increase  in  skeletal  muscle  tension  generally  as  a  function  of  stress 
and  tension.  (2) 

The  spectrum  of  GI  symptoms  beyond  nausea  have  included  moist  or  dry  mouth, 
epgastric  discomfort  or  awareness,  anorexia,  and  abdominal  cramps. 

Vestibular  symptoms  include  dizziness,  disorientation,  and  vertigo.  Central 
nervous  system  symptoms  also  seen  are  lethargy,  somnolence,  headache  (particularly 
frontal),  anxiety,  a  desire  for  fresh  air,  feelings  of  isolation,  mental  confusion, 
a  desire  for  solitude,  social  indifference,  and  excessive  sensitivity  to  sensations 
as  sight,  odors,  temperature,  and  touch  by  clothing. 


The  bewildering  array  of  signs  and  symptoms  of  vestibular  disturbance  has  been 
divided  into  two  categories  by  Graybiel.  The  first,  of  a  reflex  nature  included: 

1.  tumbling  sensation  with  coriolis  stimulation,  2.  coriolis  oculogyral  illusion 
(apparent  motion  sensed  during  head  flexion  out  of  a  rotational  plane),  3.  coriolis 
nystagmus,  4.  ataxia  (as  onboard  a  ship),  and  5. , dizziness. 


The  second  category  contained  the  symocoms  or  'epi phenomena' ,  superimposed 
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upon  the  first,  due  to  unusual  vestibular  activity  that  "through  a 
facilitory-inhibitory  process,  irradiates  to  cells  not  normally  stimulated  (17  ) 

(the  chemorecptor  trigger  zone  or  CTZ,  the  emetic  center,  area  postrema,  and 
hypothalamus).  These  are  the  symptoms  that  are  absurd  in  terms  of  the  organisms 
need;  they  make  no  contribution  to  restoring  homeostasis. 

The  important  implication  of  the  preceding  array  of  manifestations  is  the 
impact  on  performance  and  behavior.  These  complications  include  inactivity,  being 
quiet  and  subdued,  carelessness  even  in  routine  activities,  measurable  physical 
performance  decrement  in  reflex  tasks  or  interaction,  poor  time  estimation,  and 
reduced  computational/mathematical  performance. 

INCIDENCE/SUSCEPTIBILITY  TO  MOTION  SICKNESS 

Motion  sickness,  the  term  used  first  by  Irwin  in  1881,  is  inducible  in  most 
normal  subjects  with  sufficiently  intense  or  prolonged  stimulation. 

Some  examples  of  its  incidence  are  25-302  on  Atlantic  Ocean  crossings,  a  .5-1% 
incidence  in  commercial  airline  travel,  and  up  to  an  8-102  incidence  during 
'moderately  heavy'  turbulence. 

The  incidence  on  trains  has  been  .132  versus  a  greater  than  3-42  estimate  for 
automobile  transportation. 

Military  trainees  experience  an  incidence  from  182  (pilots),  and  from  392  (in 
the  United  Kingdom)  (ll),  to  between  60  (20)  and  662  (41)  in  student  navigators. 

In  current  mission  profiles  at  low  altitude,  the  incidence  of  motion  sickness  in 
the  increased  turbulence  is  high  among  non-pilot  crew  members. 

Motion  sickness  has  resulted  in  an  attrition  rate  of  about  12  for  pilots  and 
52  for  navigators. 

Motion  sickness  susceptibility  is  widely  variable  between  individuals  and 
species.  Man  is  far  from  unique  in  his  susceptibility  to  motion  sickness.  While 
dogs  appear  of  similar  susceptibility  to  man,  a  lesser  but  substancial  degree  is 
found  in  horses,  cows,  monkeys,  champanzees,  sheep,  cats,  seals,  various  birds  such 
as  chickens,  and  even  codfish.  Apparently  immune,  in  spite  of  their  highly 
developed  vestibular  organs,  are  most  birds;  as  hens,  pigeons,  ducks  and  geese,  as 
well  as  rabbits,  guinea  pigs,  and  hogs  (41)  (59). 


It  appears  that  children  under  .2  years  of  age  and  elderly  people  show  lesser 
susceptibility  than  average.  Also,  from  near  2  years  old  to  adolescence, 
susceptibility  seems  increased.  From  age  17  to  39,  susceptibility  progressively 
falls.  Females  generally  are  more  susceptible  than  males,  even  prior  to  menarche. 

Time  of  day,  interval  since  the  last  meal,  and  ambient  air  temperature  have 
been  found  to  have  no  influence  on  susceptibility  (41). 

Individual  human  susceptibility  can  be  reliably  predicted  from  experience 
based  questionaires  and  so  be  used  as  a  screen  to  aircrew  trainee  selection  (S3). 
Recent  studies  of  personality  correlation  with  susceptibilty,  while  showing  no 
relation  to  introversion/extroversion  on  the  Eysenek's  Personality  Inventory  (EPI), 
did  show  a  positive  correlation  with  the  neuroticism  scale  (61).  Mirabile  and  Ford 
state  that:  "generally,  individuals  resistant  to  motion  sickness  are  more  involved 
in  and  determined  by  their  immediate  environment,  while  susceptible  indiciduals  are 
more  autonomous  and  self  contained”  (39 ) . 

Reason  suggests  that  motion  sickness  susceptibles  may  have  a  nervous  system 
more  'receptive'  to  stimulation.  He  found  that  those  reporting  more  past  motion 
sickness  experiences  have  a  more  prolonged  after-effect  to  rotation  after 
cessation  of  motion.  He  also  found  a  consistently  exaggerated  estimate  of  loudness 
of  tones,  at  a  rate  faster  than  the  stimulus  intensity  increased  (50). 

MOTIONS  RESPONSIBLE  FOR  MOTION  SICKNESS 

The  variety  of  basic  motions  capable  of  causing  motion  sickness  include 
vertical  oscillation,  rotation  (particularly  effective),  counter-rotating  room  and 
slow-rotation  room,  all  of  which  have  been  employed  in  studies  on  motion  sickness 
induction . 

Experiments  with  swings  and  vertical  oscillators  have  demonstrated  an  optimal 
motion  sickness  induction  at  frequencies  of  from  15  to  22  cycles  per  minute,  at  an 
acceleration  level  of  from  .2  to  .4  G  with  .36  G  at  the  peak  level  of  activity. 

While  McCauley  and  O'Hanlon  (43)  and  others  have  found  a  peak  incidence  of 
motion  sickness  susceptibility  at  .17  Hz.  (6  cycles/rain.),  Guinard  and  McCauley 
demonstrated  a  statistical  increase  in  incidence  with  the  addition  of  2nd  and  3rd 
(12  cycles/min  &  18  cycles/min)  harmonic  elements  to  the  motion  environment. 

Animal  and  human  experiments  have  confirmed  that  complex  motions  combining 


vertical  and  angular  accelerations,  linear  accelerations  in  several  planes 
simultaneously,  or  linear  plus  angular  accelerations,  are  more  effective  than 
single  component  stimulation. 

Interestingly,  some  changing  accelerations  do  not  cause  motion  sickness; 
horseback  riding,  sinusoidal  angular  rotations  and  simple  violent  accelerations. 
Guignard  (21)  states  that  oscillation  above  1  Hz.,  even  at  severe  intensities  is 
not  associated  with  motion  sickness  in  man. 

ANATOMICAL  CORRELATES  OF  MOTION  SICKNESS 

Prior  to  discussion  of  the  explanation  and  theories  of  motion  sickness,  the 
anatomically  relevant  organs  in  the  syndrome  will  be  reviewed. 

Those  organs,  regions,  and  associations  known  or  believed  to  play  a  role  in 
motion  sickness  include  1.)  the  vestibular  apparatus,  its  neural  connections  and 
associated  nuclei,  2.)  the  cerebellum,  3.)  the  eyes  and  their  associated  motor 
nuclei,  4.)  the  brainstem  centers  related  to  emesis,  5.)  well  defined  pathways  from 
these  regions  and  nuclei  to  all  spinal  segments,  and  even  6.)  vague  connections 
with  the  hypothalamus  and  cerebral  cortex. 

The  components  of  the  vestibular  apparatus  of  interest  are  1.)  the  three  pairs 
of  semicircular  canals,  2.)  the  chambers  of  the  utriculae  and  sacculae,  and  3.)  the 
eighth  cranial  (vestibular)  nerve  (with  its  bipolar  cells  derived  from  Scarpa's 
ganglion) . 

The  semicircular  canals  consist  of  2  sets  of  3  mutually  orthogonal  lightly 
viscous  endolymph  filled  canals,  approximately  in  the  basic  planes  of  the  extrinsic 
eye  muscles.  The  sensory  regions  of  the  canals  are  called  cristae  ampul laris  and 
gelatinous  cupulae  which  project  into  the  endolymph  and  are  stimulated  by  angular 
acceleration  motions.  The  endolymph  deflects  the  cristae  because,  due  to  its 
inertial  lag  with  a  head  rotation,  it  flows  in  a  direction  opposite  to  the  head 
motion  and  bends  the  stucture.  The  deflection  of  the  cupula  reaches  an  equilibrium 
after'a  change  in  stimulation  within  20-30  seconds. 

Under  appropriate  conditions,  stimulation  of  each  semicircular  canal  results 
in  binocular  movements  of  the  eyes  complimentary  to  apparent  head  movement.  Also, 


rightward  accelerations  result  in  leftward  eye  movements  coupled  with  clockwise 
rotation,  leftward  accelerations  produce  eye  movement  to  the  right  and 
counterclockwise  rotation. 

The  second  and  third  components,  the  utripulae  and  sacculae,  each  contain  a  2 
mm  diameter  region  called  the  macula.  This  area  in  the  utricle  detects  the 
orientation  of  the  head  with  respect  to  gravity  or  inertial  forces  while  the 
saccule  may  in  addition  be  a  sensor  for  vibration.  The  four  maculae,  in  alternate 
planes,  are  composed  of  calcium  carbonate  crystals,  the  otoconia  (with  a  specific 
gravity  of  3),  imbedded  in  a  mucilagenous  mass  covering  thousands  of  hair  cells 
which  connect  to  the  vestibular  nerve  (  1  )  (25  ).  These  nerve  cells,  firing  at  a 
baseline  rate  of  about  15  Hz.,  change  their  'firing*  frequency,  up  or  down  with 
hair  cell  bending  in  response  to  an  inertial  force  (  25) .  The  composite  pattern  of 
discharge  forms  the  basis  of  the  brain’s  perception  of  orientation.  Otolith 
stimulation  by  forward  or  upward  acceleration  causes  reflex  downward  eye  movement  (  7). 

The  vestibular  nerve  terminates  largely  in  the  vestibular  nuclei,  located  in 
the  brainstem  near  the  floor  of  the  fourth  ventricle.  The  labyrinth  also  appears 
to  receive  afferent  fibers,  which  may  play  a  similar  role  to  the  gamma  efferents  of 
the  neuromuscular  spindle  (participating  in  control  of  tonus  and  reflex)  (7  ).  A 
notable  portion  of  the  fibers  alternatively  pass  to  the  cerebellum  and  terminate  in 
the  flocculo-nodular  lobe  and  adjacent  vermian  cortex.  The  cerebellum  reciprocally 
connects  to  many  vestibular  components,  the  labyrinth,  and  vestibular  nuclei, 
bilaterally. 


The  vestibular  nuclei  nuclei  transmit  to  the  spinal  cord  via  the 
vestibulo-spinal  tracts  and  assist  in  local  myotactic  reflexes  to  reinforce  the 
tone  of  limb  and  trunk  extensor  muscles.  They  connect  to  the  nuclei  of  cranial 
nerves  III,  IV,  and  VI  (the  cranial  nerves  controlling  the  eyes)  via  the  MLF 
(medial  longitudinal  fasciculus)  which  enables  eye  fixation  on  stationary  objects 
when  the  body  turns.  And  finally,  the  vestibular  nuclei  connect  to  the  pontine  and 
brainstem  reticular  formation;  very  near  the  loci  of  the  vomiting  center  and 
chemoreceptive  trigger  zone,  and  to  the  cerbral  cortex  through  ill-defined 
pathways. 
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THEORIES  OF  MOTION  SICKNESS  ETIOLOGY 
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Theories  that  attempt  to  explain  the  etiology  of  motion  sickness  must  take 
into  account  the  structures  known  to  be  vital  in  the  production  of  the  syndrome. 

The  components  are  the  peripheral  vestibular  organs  and  the  vestibular  nerve 
(individuals  without  intact  vestibular  apparatus  or  bilateral  8th  nerve  sectioning 
are  immune  to  motion  sickness),  the  vestibular  nuclei,  the  nodulus  and  uvula  of  the 
cerebellum  (75%  of  dogs  with  surgical  extirpation  of  these  components  lost  their 
vomiting  response  to  motion)  (15),  the  emetic  center  and  C"'7.  (chemoreceptive 
trigger  zone)  of  the  brainstem,  and  the  effector  nerves  and  organs  of  the  emetic 
response.  The  higher  brain  centers-the  cerebral  cortex,  are  not  essential  to  the 
development  of  motion  sickness,  as  decerebrate  patients  have  developed  the 
syndrome. 

Also  important  to  consider  are  those  structures  that  are  contributory  but  not 
essential  to  induce  the  syndrome.  Significant  here  is  the  visual  system.  While 
blind  subjects  are  equally  susceptible  to  motion  sickness  ( 1 7 ) ,  motion  sickness  may 
be  induced  solely  through  visual  field  movement  as  in  cinerama  sickness. 

Adaptation  must  also  be  a  primary  element  in  the  theory,  since  learned 
tolerance  to  motion  is  well  established,  as  is  symptom  recurrance  after  cessation 
of  stimulation  (returning  to  land  after  a  sea  voyage  (mal  de  demarqement)  or  earth 
sickness  upon  return  from  earth  orbit). 

The  overstimulation  concept  does  not  account  for  the  absence  of  motion 
sickness  with  some  strong  motion  stimuli;  nor  the  ready  inducibility  with  head 
movement  during  rotation  or  simple  caloric  stimulation.  The  overstimulation  theory 
also  does  not  account  for  visual-field  motion  induced  sickness. 

The  current  theory  which  most  comprehensively  combines  the  above  elements  is 
the  'Neural  Mismatch  Theory'.  Here,  vestibular,  visual,  and  proprioceptive 
information,  at  variance  with  what  is  expected  from  past  experience,  leads  to 

symptoms.  This  mismatch  is  a  function  of  'sensory  rearrangement',  the  term  used  by 
experimental  psychologists  to  describe  situations  in  which  "information  arriving  at 
one  set  of  sense  receptors  is  systematically  distorted  to  render  it  incompatible 
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with  that  arriving  at  functionally  related  receptors"  (49).  The  theory  suggests 
that  current  sensory  information  is  combined  with  a  central  memory  or  neural  store 
in  a  comparator.  When  the  compared  signals  are  similar,  all  is  well.  In  the 
presence  of  discoordinate  information,  an  error  or  mismatch  signal  is  generated. 

There  are  six  classical  categories  of  sensory  conflict  in  the  sensory 
rearrangement  schema  capable  of  inducing  motion  sickness  (49): 

a. )  visual  vs.  vestibular  rearrangement:  as  in  looking  out  of  the  side  window  of 
a  car  or  watching  waves  over  the  side  of  a  ship 

b. )  visual  without  vestibular  stimulation:  as  in  motion  picture 
movement/acceleration  or  in  vehicle  simulators  with  a  dynamic  visual  display 

c. )  vestibular  without  visual  stimulation:  as  in  riding  in  an  enclosed  vehicle 
without  external  visual  reference 

d. )  canal/otolith  rearrangement:  as  in  exposure  to  cross  coupled  (coriolis) 
acceleration,  or  with  rapid  head  movements  in  zero  G 

e. )  canal  without  otolith  stimulation:  as  in  caloric  stimulation  or  pressure 
vertigo  from  ambient  pressure  change 

f. )  otolith  without  canal  stimulation:  as  in  low  frequency,  <.5  Hz.,  vertical 
stimulation,  or  rotation  about  an  earth  horizontal  axis  at  constant  angular 
velocity  (as  on  a  barbecue  spit). 

The  adaptive  function  of  this  signal  is  to  reprogram  the  neural  store,  while 
the  by-product  of  the  error  signal  is  the  complex  of  neurovegetative  responses  of 
motion  sickness.  This  error  signal  appears  to  initiate  a  stress-like  response  of 
the  autonomic  nervous  system  and  leads  to  patterns,  largely  maladaptive,  of 
somatic,  visceral  and  sensory  activity. 

A  graphical  model  of  the  components  of  the  neural  mismatch  model  follow: 
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Oman  (44)  has  combined  tha  prior  concepts  and  temporal  data  to  provide  a 
mathematical  model  that  accounts  for  the  time  course  of  evolution  of  motion 
sickness  symptomatology,  the  slow  and  fast  aspects  of  averaging  dynamics,  the 
concepts  of  delay  and  threshold,  and  the  exponential  response  (the  avalanche 
phenomenon)  seen  with  protracted  stimulation. 

STATUS  OF  TREATMENT/PREVENTION  REGIMENS 

The  current  state  of  theory,  prevention,  recommendations  and  treatment  for 
motion  sickness  revolve  around  experimental  knowledge  on  the  dynamics  of  adverse 
motion  environments,  and  knowledge  of  the  efficacy  of  anticholinergic  and 
sympathomimetic  drugs  (63).  (There  is  also  experimental  evidence  demonstrating  the 
existence  in  the  vestibular  nuclei  of  some  neurons  responsive  only  to  acetylcholine 
and  others  responsive  only  to  norepinephrine.  (16)  ) 

The  pharmacologic  therapies  include  prophylactic  antihistamines  such  as 
promethazine  and  dimenhydrinate,  parasympatholytics  such  as  scopolomine,  and 
sympathomlmetics  such  as  ephedrine  and  amphetamine.  The  combination  of  scopolamine 
and  amphetamine,  being  synergistic  (64),  provide  the  greatest  objective  efficacy 
and  increased  tolerance  to  motion  (63). 

The  most  popularly  promoted,  and  singularly  effective,  pharmacologic 
treatment/prevention  for  motion  sickness  currently  is  scopolamine  administered 
transdermally  prophylactically.  Efficacy  rates  range  from  67  to  75Z  (18)  (47)  (10' 

,  while  the  incidence  of  side  effects  (blurred  vision  and  decreased  alertness)  is 
nearly  as  great,  progressing  over  time  to  greater  than  50Z  overall.  (27)  It  has 
also  been  anecdotally  reported  that  a  high  frequency  of  disorientation,  memory  loss 
and  hallucinations  is  associated  with  transdermal  scopolamine.  (32)  There  is 
however,  in  addition  to  the  anti-motion  sickness  activity  of  sympathomlmetics, 
ephedrine  and  amphetamine,  a  beneficial  reduction  of  the  side  effects  of 
scopolamine-most  notably  the  weariness. 

The  major  complications  of  drug  therapy  are  the  side  effects  affecting 
performance  and  alertness  and  the  severe  impairment  of  higher  mental  functions  (41) 

The  remaining,  only  partially  effective,  and  sometimes  impractical  suggestions 
for  prevention  and  therapy  include  positioning  oneself  amidships  while  on  board 


ship,  or  over  the  wings  in  an  airplane.  Also,  recunbent,  or  semi-recumbent 
positions,  with  head  bracing  to  minimize  motion,  and  avoidance  of  reading  are  also 
suggested,  as  are  avoidance  of  alcohol,  consumption  of  small  amounts  of  fluid  and 
simple  foods,  or  avoidance  of  oral  intake  if  the  sojourn  is  brief  (3  ). 

Seasickness  victims  are  aided  by  being  out  on  deck  and  aa  in  most  vehicles,  to  hsve 
in  their  visual  field  a  horizon  or  similar  inertial  space  reference,  while  if  below 
deck,  to  close  the  eyes  to  reduce  symptomatology  (41). 

If  time  permits,  or  if  of  necessity  the  motion  stimulation  is  recurrent  over 
prolonged  periods,  adaptation  is  the  most  common  and  most  effective,  side-  effect 
free,  defence  against  motion  sickness  (35). 

Unfortunately,  currently  the  only  completely  effective  way  to  avoid  motion 
sickness,  short  of  labyrinthectomy,  is  avoidance  of  motion. 


BACKGROUND  ON  BIOFEEDBACK  APPLICATIONS 

With  a  consideration  of  the  composite  effectiveness  and  complications  of  the 
current  armamentarium  against  motion  sickness,  it  becomes  quite  obvious  that  much 
room  remains  for  alternative  treatments  or  prevention.  The  following  relates  to 
the  individual  refractory  to  conventional  therapies,  particularly  the  crewmember 
whose  loss  from  flying  status  would  also  entail  loss  of  an  extensive  training 
investment. 

The  techniques  and  principles  to  be  discussed  relate  to  the  detailed 
multi-dimensional  physiologic  variation  in  the  motion  sick  environment.  Through 
the  detection,  measurement,  analysis,  and  sensory  feedback  of  relevant  biophysical 
data,  it  is  proposed  that  an  effective  form  of  advanced  automated  autogenic 
biofeedback  can  be  applied  to  the  learned  prevention  of  motion  sickness. 

The  premise  for  the  efficacy  of  autogenic  biofeedback  is  that  motion  sickness 
is  an  autonomic  nervous  system  response  that  can  be  interrupted  by  voluntary 
control  of  the  nervous  system  (42)  (34). 

The  precedent  for  effective  forms  of  biofeedback  treatment  for  several  diverse 
physiological  problems  exists. 


Levy,  Jones,  and  Carlson  (34)  reported  in  1961,  the  successful  rehabilitation 


of  aircrew  who  developed  aotion  sickness  either  during  training  or  after  beginning 
active  duty.  They  used  coriolis  stimulation  by  chair  rotation  and  head  movements 
to  evoke  changes  in  GSS  (galvanic  skin  response),  skin  surface  temperature,  and  BIG 
(electroayograph)  activities. 

By  detecting  and  signaling  to  the  crewmember  the  early  autonomic  changes  that 
occur  'prior'  to  the  perception  of  adverse  subjective  symptoms,  the  subjects 
actively  learned  to  react  to  these  changes  and  obviate  symptomatology. 

Their  program  is  labor  intensive  in  that  it  required  the  efforts  of  two  flight 
surgeon  psychiatrists  and  one  biofeedback  technician  to  train  the  patient  and 
control  the  instrumentation.  The  reported  success  rate  for  their  subjects 
refractory  to  drug  therapy  was  84Z,  vs.  48Z  for  prior  techniques  of 
adaptation/desensitization  training. 

Toscano  and  Cowings  (58)  monitored  heart  rate,  respiration  rate,  face  and 
blood  volume,  GSR,  and  intercostal  muscle  activity  during  coriolis  stimulation  also 
in  a  rotating  chair  apparatus.  They  compared  feedback  training  to  an  altarnate 
unrelated  task  and  demonstrated  an  objective  ability  to  maintain  autonomic  baseline 
levels  under  stressful  motion  sickness  inducing  conditions.  With  the  use  of 
autogenic  biofeedback,  they  trained  their  subjects  to  tolerate  a  2  to  3  time 
increase  in  nauseogenic  head  movements. 

Also,  Cowings  and  Toscano  (  9 )  demonstrated  that  both  highly  and  moderately 
motion  sick  susceptible  subjects  adjusted  to  nauseogenic  stimulation  with 
biofeedback  at  similar  rates. 

They  suggest  that  autogenic  feedback  training  appears  to  increase  the 
threshold  of  the  'facultative  linkage'  of  Gray  Mel  (the  linkage  to  the  autonomic 
symptom  centers),  and  thus  the  threshold  of  the  autonomic  symptomatology  without 
affecting  the  perception,  vestibular,  and  sensory  responses  to  nauseogenic  stimuli 
or  the  contents  of  the  neural  store. 

Nlcogoasian  $2  )  also  cites  Levy  where,  as  an  example  of  the  ability  of 

Mofeedback,  the  motion  induced  fall  in  skin  temperature  of  8-10  degrees  F  can  be 
reduced  to  1-2  degrees  or  even  reversed. 
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Rebnan  (51 )  has  even  demonstrated  the  use  of  non  instrumented  behaviorally  trained 
muscle  relaxation  to  successfully  treat  nausea  and  vomiting  associated  with  air 
travel. 


t 

IV  BIOPHYSICAL  CONSIDERATIONS.  INSTRUMENTATION  AMD  ENGINEERING  CONSIDERATIONS 

The  approach  being  taken  on  this  system  of  biophysical  monitoring  and 
biofeedback  revolves  around  a  consideration  of  the  significant  systems  and 
measurable  parameters  known  and  previously  mentioned  to  experience  modulation  by 
the  motion  sickness  syndrome. 

In  addition  to  the  1.)  heart  rate,  2.)  respiration  rate,  3.)  intercostal 
muscle  activity,  4.)  blood  pulse  volume,  5.)  skin  temperature,  and  6.)  GSR,  of 
prior  investigators,  an  attempt  is  being  made  to  evaluate  the  contribution  of  all 
parameters  having  a  recognized  correlate  in  symptoms  and  signs. 

We  will  ultimately  measure  variables  related  to: 

1 .  )  Heart  Rate 

2. )  Peripheral  Pulse  Blood  Volume/Vascular  Tone 

3. )  Facial  Pulse  Volume/Vascular  Tone 

4. )  Thoracic  Respiration  (rate  and  character) 

5. )  Abdominal  (diaphragmatic)  Respiration 

6. )  GSR 

7. )  Salivation 

8. )  Gastric  Tone  and  Activity 

9. )  Intestinal  Tone  and  Activity 

10. )  Ocular  Movement/Nystagmus  (ENG) 

11. )  Peripheral  Temperature 

12. )  EMG  (skeletal  muscle  tone) 

13. )  EEG  (electroencephalogram) 

14. )  Subjective  Subject  Input  (as  a  measure  of  the  cardinal  symptom,  nausea) 

Discussion  of  the  individual  parameters  follows  with  analysis  of  the 
physiologic  relevance,  implications  and  biomedical  and  engineering  considerations. 
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A  few  initial  considerations  apply  to  all  instrumentation  amplifiers  to  be 
used  as  bioelectric  potential  sensors  with  direct  electrical  connection  to  a 
subject's  skin.  Precautions  were  taken  in  the  basic  design  of  all  amplifiers 
to  provide  a  very  high  impedance  path  through  the  electrodes  to  obviate  an 
application  of  greater  than  several  microamperes  of  current  through  a  subject 
and  endangering  the  heart  or  brain.  All  amplifiers  are  additionally 
safeguarded  by  using  battery  power. 

Secondly,  in  order  to  block  the  DC  offset  potential  generated  by  signal 
acquisition  electrodes,  most  amplifier  designs  will  incorporate  a  low  frequency 
cutoff  in  the  region  of  .005  Hz. 

Differential  input  instrumentation  FET  op-amps  are  useds  in  most  designs 
to  provide  the  high  impedance  required  in  the  presence  of  skin  impedances  from 
10K  to  500K  ohms.  Where  possible,  when  dealing  with  very  low  physiologic 
signal  levels,  a  chopper-stabilized  amplifier  system  is  used  to  minimize  DC 
drift  and  to  provide  maximal  noise,  common  mode,  and  half-cell  potential  signal 
rejection. 

The  electrodes  to  acquire  the  bioelectric  potentials  are  of  the 
silver/silver  chloride  variety  because  of  their  stable  half-cell  potentials  and 
low  noise  characteristics  (  5)  (45). 

The  electrocardiogram  or  cardiotachometer ,  a  well  established  motion 
influenced  physiologic  variable,  is  being  obtained  through  two  precordial 
electrodes.  The  signal  parameters  consist  of  a  frequency  range  of  from  .05  Hz. 
to  80  Hz.  with  an  amplitude  in  the  range  of  a  few  millivolts.  (55) 

Vascular  tone  and  pulse  volume  are  being  measured  with  dual 
photoplethysmograph  sensors  to  detect  changes  in  peripheral  blood  flow  of  the 
face  and  finger.  The  system  being  used  is  similar  to  the  Tektronix  type  410 
where  the  intensity  of  a  reflected  light  source  on  the  face,  or  the  reduced 
intensity  of  a  light  transmitted  through  a  finger,  provides  a  measure  of  the 
change  of  periodic  blood  flow  associated  with  the  pallor  of  motion  sickness. 
The  frequency  response  of  the  system  is  from  .05  to  10  Hz.  with  a  fundamental 
of  1.3  Hz.  (apulse  of  78/min)  (56). 


Respiration  is  being  measured  with  dual  circumferential  pneumogram 
sensora.  As  an  alternative  to  the  strain  gauge  type  of  transducer,  variable 
capacitors  are  being  used  to  provide  a  changing  capacitance  as  an  analog  to 
respiratory  torso  excursion.  Respiration  manifests  changes  in  rate,  depth,  as 
well  as  a  shift  from  diaphragmatic  to  thoracic  breathing  as  motion  sickness 
symptomatology  develops.  The  biomedical  considerations  are  a  fundamental 
frequency  of  .25  Hz.  for  a  respiratory  rata  of  15/min.,  and  due  to  the  need  to 
measure  baseline  variations  in  respiratory  excursions,  a  frequency  response  of 
from  DC  to  2  Hz. 

The  GSR  or  galvanic  skin  response,  is  a  well  studied  parameter  included  in 
most  prior  studies  and  therapies  of  biofeedback  control  of  physiologic 
parameters.  It's  measurement  is  facilitated  with  the  use  of  commercially 
available  instruments-here  the  Autogen  3000.  The  study  of  GSR  extends  back  to 
1878  with  Fere  ( 14) .  The  change  in  resistance  of  the  GSR  is  called  the  Fere 
effect  and  is  a  consistently  influenced  parameter  during  motion  sickness 
sweating  symptomatology.  It  is  determined  by  measuring  the  impedance  change  to 
a  2  or  3  Hz.  low  level  AC  signal  applied  to  3  finger  electrodes  (2  ). 

Gastrointestinal  function  receives  special  emphasis,  with  consideration  of 
multiple  anatomic  regions.  At  the  proximal  end  is  the  variable  salivation 
rate.  The  well  known  phenomenon  of  motion  sickness  associated  dry  mouth  or 
salivation  will  be  measured  with  a  technique  analogous  to  the  GSR  measurement 
but  will  employ  one  electrode  in  the  mouth  and  one  outside.  The  slow  changes 
in  salivation  rates  require  an  amplifier  response  of  from  0  to  3  Hz.  and  can 
use  the  Autogen  3000  GSR  instrumentation. 

The  electrical  activity  of  the  stomach,  a  function  of  its  contractile 
state,  is  neasured  by  the  electrogastrogram  or  EGG.  The  stomach  is  well  known 
to  become  atonic  with  the  experience  of  nausea,  while  during  retching,  the 
distal  stomach  contracts  and  the  proximal  stomach  relaxes  (54). 

Cowinga  &  Toscano  and  Earl  8  Peterson  (13)  have  employed  a  random 
peri-umbilical  application  of  abdominal  electrodes  for  gastric  signal 
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acquision.  The  design  of  EGG  being  used  here  is  directed  to  selective 
frequency  study  of  the  stooech  based  upon  its  general  nixing  contractions,  the 
'Basic  Electrical  Rhytha'  or  BER  of  approximately  1/min.  to  as  high  a  3/min. 
(.016  to  .05  Hz.)  aeasurable  surface  smooth  muscle  potentials  of  from  .5  to  80 
mV  (23)  (56). 

The  EGG  in  this  system  was  designed  and  constructed  around  FET  chopper 
stabilized  op-amp  active  filters  with  a  frequency  response  providing  a  sharp 
cutoff  at  .1  Hz.  and  having  a  gain  from  60  to  80  db.  (30).  Electrode  placement 
involves  an  active  electrode  over  the  stomach  in  the  left  upper  abdominal 
quadrant  and  a  reference  electrode  several  inches  away  (56). 

The  final  gastrointestinal  tract  region  of  concern  is  the  small  intestine. 
It  is  well  established  also  that  the  tone  of  at  least  the  duodenum  increases 
with  the  early  motion  sickness  symptoms,  eg,  nausea  (24)  (54).  The  small 
intestine  additionally  is  characterized  by  its  BER  of  12/min.  (.2  Hz.)  at  the 
duodenum  with  a  frequency  decreasing  distally  to  the  ileum  to  a  rate  of 
7-9/ min.  (.12  Hz.)  (23). 

The  'Electrointestinogram' ,  to  provide  a  specific  indicator  of  intestinal 
versus  gastric  GI  tract  activity,  was  designed  and  built  around  the  same  format 
as  the  EGG  (IC  choice,  etc.).  It  was  designed  with  a  frequency  response  of 
from  .1  to  .24  Hz.,  with  third  and  fourth  order  active  filters  to  have  a  band 
pass  gain  of  approximately  80  db.  (  4)  (5  )  (30)  (33).  Electrode  placement  is 
directly  over  the  organ  mass  of  choice,  the  duodenum/ jejunum  region,  the  mid 
abdominal  area  with  a  reference  electrode  at  the  periphery  of  the  abdomen. 


The  numerous  connections  and  associations  between  the  vestibular  and 
ocular  systems,  as  well  as  the  phenomenon  of  optokinetic  nystagmus  associated 
motion  sickness,  necessitates  a  consideration  and  measurement  of  the 
predictive/therapeutic  features  of  nystagmus  in  motion  sickness. 

Electronystagmography  (ENG)  is  the  technique  of  monitoring  ocular  movement 

by  measuring  the  change  in  the  potential  seen  across  both  eyes.  The  eyeball  is 

polarized,  negative  to  positive,  from  the  retina  to  the  cornea.  Electrodes 

placed  laterel  to  each  eye  will  measure  a  rightward  glance  as  a  right  to  left 

positive  potential  proportional  to  the  magnitude  of  the  rightward  angle  and  a 
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similar  potential  to  a  vertical  glance  if  electrodes  are  placed  above  and  below 
the  eye. 


Mathog  £  Cramer  stated  that  motion  sickness  susceptibility  can  be 
estimated  from  the  rate  and  decay  of  nystagmus  (36).  Guedry  (20)  showed  a 
correlation  between  a  learned  reduction  in  nystagmographic  responses  to 
rotation  and  a  reduction  in  motion  sickness  symptomatology.  Collins  (8  )  also 
demonstrated  the  association  of  nystagmus  with  rotation  induced  motion 
symptomatology  in  skaters.  The  skaters  normally  suppress  their  nystagmus,  but 
with  eyes  closed  experience  vertigo,  dizziness  and  motion  sickness  symptoms. 
Also,  Dowd  (12)  showed  that  the  rapid  rate  of  recovery  from  the  slow  phase  of 
nystagmus  correlated  with  resistance  or  delay  of  motion  sickness  symptoms. 

On  the  basis  of  this  evidence,  an  ENG  acquisition  system  was  designed  with 
an  amplifier  system  similar  to  the  aforementioned  ones.  Designed  and  built  was 
an  active  filter  amplifier  with  a  frequency  response  of  from  DC  to  30  Hz.  (  35 
Hz.  response  is  cited  by  Jantti  as  the  response  of  some  commercial  amps)  (0  to 
20  Hz.  cited  by  Strong)  (29)  (55)  and  a  gain  of  approx.  85  db  to  respond  the 
signal  levels  of  from  5  to  10  microvolts  per  degree  of  eye  movement  (62). 

For  the  parameters  of  1)  peripheral  body  temperature,  which  has  been 
demonstrated  to  fall  with  vasoconstriction  associated  with  stress,  and  2)  EMG, 
electromyography,  measuring  muscle  tension  which  notably  increases  with  stress, 
commercial  Autogen  Corp.  models  50  and  1100,  are  employed. 

Finally,  an  attempt  is  being  made  to  quantify  the  subjective,  imprecise 

descriptors  of  higher  brain  disfunction,  embodied  in  the  terms  of  fatigue, 
lethargy,  depression,  apathy,  reduced  motivation,  or  sleepiness  that  have  been 
noted  with  motion  sickness. 

The  EEG,  electroencephalogram,  with  a  signal  level  of  from  0  to  300 
microvolts,  will  be  monitored  during  the  presymptomatic  stages  of  motion  in  the 
well  established  brain  wave  bands  that  are  associated  with  different  levels  of 
arousal. 
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Alpha  waves,  8-13  Hz.,  are  found  in  normal  awake  subjects  when  in  a  quiet 
resting  state,  and  disappear  when  attention  is  directed  to  some  conscious  type 
of  mental  activity.  Beta  waves,  from  14-50  Hz.,  most  frequently  recorded  from 
parietal  and  frontal  regions  of  the  scalp,  are  associated  on  the  higher  end  of 
their  spectrum  with  intense  activation  of  the  CHS  or  during  tension.  Theta 
waves,  from  4-7  Hz.,  occur  during  emotional  stress  in  adults,  particularly 
during  disappointment  and  frustration  or  sudden  removal  of  pleasure. 

It  is  anticipated  that,  through  the  selective  measurement  of  these  EEG 
bands,  and  comparison  of  various  band  ratios  such  as  Beta  (arousal) /Theta 
(stress),  an  additional  parameter  applicable  to  interactive  modifiable 
biofeedback  will  be  generated  to  modify  the  motion  sickness  response. 

The  final  input  to  the  composite  monitoring  system  is  a  subjective 
well-being  parameter  which  relates  to  the  subject's  moment  to  moment  self 
perception  of  symptomatology. 


V  SYSTEM  ORGANIZATION 


The  instrumented  subject  is  seated  in  a  rotating  chair  apparatus  (13)  and 
executes  a  programmed  set  of  head  movements  out  of  the  Z  axis  (vertical  plane) 
to  induce  coriolis  stimulation. 

The  analog  data  from  the  subjects  tranducer/amplifiers  are  processed  on 
board  the  chair  by  a  CIM-800  micro  computer,  analog  to  digital  converter,  and 
parallel  output  to  transmit  the  16  bit  data  (4  bits  of  channel  identification 
and  a  12  bit  datum  value)  (13)  through  the  slip  rings  of  the  rotating  chair. 

Data  so  processed,  digitized,  are  more  immune  to  noise  generated  by  the 
slip  rings  and  also  is  in  a  form  ready  to  be  processed  by  the  next  stage  of  the 
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system.  That  is  the  MASSCOMP  minicomputer,  which  is  being  configured  by 
project  associates  to  recieve,  process,  store  and  display  up  to  12  channels  of 
physiologic  data  in  a  real  time,  adjustably  updated  video  display  screen 
format.  This  will  permit  variable  selection  of  the  most  relevant  of  several 
channels  to  present  to  the  rotating  subject  to  act  upon  in  his  biofeedback 
exercises. 

VI  RECOMMENDATIONS;  CURRENT  SYSTEM  STATUS  AND  REQUIRED  EFFORT 

The  required  effort  remaining  on  the  system  involves  2  or  3  levels. 
Required  at  the  signal  acquisition  level  are  1.)  efforts  at  calibration,  2.) 
reconfiguration  of  transducer  systems  as  for  the  pneumograph,  3.) 
reorganization  of  transducer  and  electrode  hardware  to  provide  a  more  rapid  and 
efficient  installation  procedure,  4.)  system  hardware  documentation  (electrical 
parameters  and  circuits),  and  5.)  final  design/modification  work  on  the  data 
channels  newly  implimented  for  this  project  (ENG,  modified  EGG,  EIG,  GSR2 
(salivation  response),  and  EEG  (filter  and  ratio  circuits). 

As  important,  remain  the  selection,  development,  and  evaluation  of 
feedback  data  configuration  for  both  operator  and  patient  consoles. 

Remaining  is  the  development  of  the  algorithm  which  selects  the  more 
useful  physiologic  variables  appropriate  to  an  individual  subject. 

Lastly,  work  remains  on  the  current  effort  to  design  a  more  effective 
video/audio  feedback  display  for  on  chair  interaction,  one  which  permits 
subject  concentration  upon  individual  variables  or  a  comprehensive  system  state 
variable. 


It  is  expected  also,  as  a  byproduct  of  this  first  comprehensive 
measurement  system,  that  a  more  complete  qualitative/quantitative  description 
of  the  motion  sickness  syndrome  will  evolve. 
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This  report  present*  an  algorithm  far  segmenting  FLIR  imagery  ehich 
contain  bridges.  The  algorithm  uses  edge  based  assentation  and  the 
concept  of  reverse-parallel  line  assentation  bo  isolate  target-like 
regions. 

The  algorithm  is  coded  in  Fortran  and  is  available  along  with  a 
users  guide  at  the  Image  Processing  Lab  at  Air  Force  Armament  Laboratory, 
Eglin  APS. 
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Introduction 

The  solution  of  tho  probloa  of  autoaatlo  recognition  of  high  value 
targets  in  FLIi  laages  Is  of  obvious  iaportanee  to  the  USAF.  The 
ability  of  a  seeker  to  "look  on  after  launeh"  would  help  to  ensure  the 
safety  of  Aaerloan  pilots.  An  automatic  target  recognition  ayatea  auat 
use  soene  oontent  to  classify  objects.  Using  oontextual  lnforaatlon 
serves  to  looallse  the  target  search  area,  therefore  deoreaaing  the 
nuaber  of  pixels  to  be  processed.  Thus,  techniques  need  to  be  developed 
to  extraot  and  utilize  oontextual  lnforaatlon.  (1) 

Generally  the  first  step  in  extracting  lnforaatlon  is  that  of 
segaentlng  the  laage  into  subregions.  The  real  tiae  benefit  of  scene 
segmentation  is  that  certain  uninteresting  subregions  of  the  laage  oan 
be  discarded  while  the  reaalning  Interesting  subregions  can  then  be 
exaained  aore  olosely,  but  requiring  auoh  less  ooaputatlon.  Artificial 
intelligence  techniques  can  then  be  used  to  decide  which  features  should 
be  coaputed  for  a  given  subregion  and  how  to  Interpret  the  interaction 
of  spool fio  aeasureaents  for  the  coaputed  features. 

Many  types  of  segaentatlon  techniques  exist.  Edge-based 
segmentation  is  one  ooaaon  type.  The  baste  idea  of  edge-based 
segaentatlon  is  to  outline  the  objects  in  the  laage  and  then  use  shape 
lnforaatlon  and/or  lnforaatlon  available  in  the  "neighborhood"  of  an 
edge  to  olassify  objects.  3oae  examples  of  edge  based  segaentatlon  can 
be  found  in  (2).  Region  based  segaentatlon  is  another  tyoe.  This 
technique  groups  pixels  into  regions  whloh  are  hoaogeneous  with  respect 
to  soae  aeasure.  Exaaples  of  region  based  segaentatlon  oan  be  found  in 
the  extended  bibliography.  After  segaentatlon,  either  the  target  should 
be  contained  in  one  of  the  reaalning  subregions,  or  the  reaalning 
subregions  should  Include  sufficient  contextual  lnforaatlon  so  that 
further  relationship  analysis  will  permit  potential  target  subregions  to 
be  identified.  In  either  oase,  further  analysis  is  generally  required 
before,  a  final  deolslon  is  made  aa  to  whloh  subregions  are  most 


target-like.  The  problem  now  la  to  determine  which  type  of  segmentation 
technique  best  applies  to  segment  a  large  variety  of  images  containing 


high  value  targets 


RESEARCH  GOALS  AMD  OBJECTIVES 

The  researeh  objectives  for  the  Summer  Research  period  are: 

1)  To  investigate  existing  segmentation  techniques  related  to  the 
automatic  recognition  of  bridgea  in  FLXR  imagery; 

2)  To  determine  features  that  oan  be  used  to  characterize  bridges 
in  FLXR  imagery; 

3)  To  modify  existing  algorithms  or  develop  new  algorithms 

for  segmentation  and  feature  extraction  to  make  them  particu¬ 
larly  applicable  to  bridge  recognition; 

4)  To  implement  the  algorithms  in  3)  on  the  computer  and  teat 
them.  This  software  will  be  modular  so  that  it  can  be 
changed  and/or  expanded. 

III.  General  Outline  of  the  Approach 

This  section  presents  a  general  outline  of  the  algorithm  which  was 
Implemented.  The  details  of  each  part  of  the  algorithm  will  be 
presented  in  sections  IV-VI. 

Edge-based  segmentation  is  used  rather  than  region-based 
segmentation  because: 

1)  Bridges  do  not  generally  constitute  large  regions  in  an 

image. 

2)  The  fact  that  the  edges  of  a  bridge  have  opposite  change  in 
contrast  can  be  exploited. 

The  first  stage  of  the  algorithm  is  convolution  with  a  set  of  six 
edge  masks,  each  mask  having  two  directions  associated  with  it.  The 
resulting  edge  image  is  thinned  and  thresholded  using  both  magnitude  and 
directional  information.  The  thinned  edges  are  then  approximated 
piecewise  by  directed  line  segments.  Next,  the  directed  line  segments 
are  grouped  in  pairs,  each  pair  consisting  of  directed  line  segments 
whose  directions  differ  by  approximately  180°  (called  "Revpars")  and  are 
"close”  to  each  other.  Xn  the  case  of  a  0°/l80°  pair  the  region  outside 
the  pair  of  line  segments  is  cheoked  for  the  existence  of  water. 

The  output  of  the  algorithm  is  a  collection  of  pairs  of  directed 
line  segments  which  satisfy  certain  contextual  relationships.  These 


pairs  of  lino  segments  raprasant  possibla  brldgas. 

I?.  Tha  Edxa  Datactlon  and  Thinning 

A.  Tha  Edaa  Masks 

Tha  algorithm  originally  usad  tha  sat  of  six  5x5  aaska  as  shown  In 
Flgura  la.  Tha  original  laaga  Is  eonvolvad  with  aaeh  aask  ylaldlng  six 
possibla  adga  valuas  for  aaoh  plxal.  Eaoh  rasultant  plxal  for  tha 
eonvolvad  laaga  la  asslgnad  tha  valua  with  tha  largast  aagnituda  and 
aithar  asslgnad  tha  dlraotion  0  assooiatad  with  that  aask  If  tha  valua 
is  positive,  or  (0+180°)  (modulo  380°)  if  tha  valua  Is  nagativa.  Thus, 
at  tha  and  of  tha  convolution  staga  aaeh  plxal  of  tha  original  laaga  has 
both  a  aagnituda  and  dlraotion  assooiatad  with  It. 

Tha  raason  tha  5x5  aasks  wara  usad  was  that  thay  offarad  twalva 
possibla  dlraetlons.  Tha  othar  adga  masks  that  wara  lnvastigatad 
offarad  only  eight:  0°,  45° . 345°.  Eight  directions  did  not 


result  in  enough  diraetional  sensitivity.  Consider  tha  following:  A 
bridge  is  oriented  in  an  image  at  approxiaataly  60-65  degrees.  Tha  top 
adga  is  labelled  as  a  90°  adga  and  tha  bottom  adga  is  labelled  as  a  225° 
edge  (as  opposed  to  a  270°  adga).  In  order  to  elassify  tha  pair  as  a 
possibla  bridge  one  would  have  to  define  line  segments  whose  directions 
differ  by  180°  +  45°  as  reverse  parallel  line  segments.  But  than  an 
aotual  110°  adga  and  an  actual  210°  edge  would  be  considered  as  reverse 
parallel  line  segments,  which  is  absurd.  Therefore,  tha  use  of  an  8 
dlraotion  mask  does  not  provide  tha  required  diraetional  sensitivity. 

Tha  5x5  masks  have  tha  disadvantage  of  being  insensitive  to  fine 
detail.  Detail  is  important  in  bridge  classification  beoause: 

1)  Brldgas  from  long  rsnge  (3-6  miles)  comprise  a  vary  small 
percentage  of  tha  total  image  but  it  is  highly  desirable  to  isolate 
subregions  of  tha  original  image  whloh  nay  oontaln  brldgas  at  this 
range.  Thera  would  than  be  time  for  more  intense  localized  processing 
on  each  of  tha  smaller  subregions. 

2)  Many  bridges  have  superstructures  and  substructures  whioh 
can  be  used  as  features  for  olasslfloation.  Tha  structures  appear  as 
fine  details  in  FLIR  images. 

Tha  3x3  adga  aasks  have  much  more  sensitivity  to  detail  than  the  5x5 


edge  masks.  By  simply  "peeling  off"  the  outside  layers  of  the  5x5  masks 
(see  figure  l.b)  we  obtained  a  set  of  3x3  edge  masks  which  were 
satisfactory  in  the  following  sense: 

1)  Edges  that  were  picked  up  by  the  5x5  masks  were  picked  up 
by  the  3x3  masks. 

2)  More  details  were  picked  up  than  with  the  5x5  masks. 

3)  The  masks  were  tested  on  synthetic  data  and  were  able  to 
detect  12  directions  in  a  consistent  fashion.  For  example,  on  a  120° 
line,  convolution  with  the  120°  mask  produced  a  larger  magnitude  than 
convolution  with  the  other  masks. 

Thus  the  3x3  edge  masks  were  implemented  also.  The  user  can  choose 
either  the  5x5  or  3x3  masks. 

B.  Thinning  and  Thresholding 

The  convolved  image  is  thresholded  with  the  threshold  level,  T, 
being 

determined  by 

T  =  X  +oCS 

where  X  is  the  mean  of  the  edge  magnitudes,  S  is  the  standard  deviation, 
and c* is  a  parameter  which  can  be  set  by  the  user.  Experimental  results 
indicate  that  the  bridge  pixels  at  medium  and  long  range,  or  about 
13,000-30,000  feet,  have  low  to  medium  edge  magnitudes.  Therefore,  the 
threshold  could  not  be  set  very  high.  The  low  threshold  resulted  in  a 
large  number  of  "noise"  edge  pixels  (see  figure  2),  many  of  which  had 
roughly  the  same  edge  magnitudes  as  the  bridge  pixels.  The  difference 
between  the  bridge  pixels  and  the  noise  pixels  is  that  the  bridge  pixels 
form  connected  component  edges.  Thus,  the  average  edge  magnitude  in  a 
3x3  window  of  a  bridge  pixel  tends  to  be  significantly  higher  than  that 
of  a  "noise"  pixel.  For  this  reason,  a  local  averaging  operation  was 
performed  on  the  convolved,  thresholded  edge  image,  while  retaining  the 
original  edge  magnitudes  to  prevent  blurring.  The  averaged  edge  image 
is  then  thresholded  again  at  the  same  threshold.  The  thresholded 
averaged  edge  image  is  then  reduced  to  a  binary  image  by  setting  the 
nonzero  elements  equal  to  one.  The  resulting  binary  image  is  then 
multiplied  by  the  convolved  thresholded  binary  edge  image.  The  user  of 


the  progran  has  the  option  of  thresholding,  setting  the  parameter  , 
performing  the  local  averaging,  and  setting  the  threshold  parameter  for 
the  second  threshold  independently  of  the  first.  Notice  that  the  local 
averaging  operation  could  be  performed  before  the  first  threshold  is 
applied,  but  this  may  cause  pixels  "dose"  to  an  edge  to  have 
artificially  high  edge  magnitudes. 

The  original  thinning  algorithm  used  was  that  of  Nevatia  and  Babu 
(2).  Experimental  results  indicated  that  these  thinning  conditions 
were  too  harsh  for  our  purposes.  In  particular,  bridge  pilings  and 
bridges  from  long  and  medium  range  are  sometimes  two  pixels  wide  and 
edges  which  are  side  by  side  cannot  be  retained  with  the  original 
thinning  algorithm.  Therefore,  Nevatia  and  Babu's  original  decision 
rules  were  modified  and  new  decision  rules  were  added.  The  final 
version  of  the  thinning  algorithm  declares  an  edge  element  to  be  present 
at  a  pixel  if: 

1)  The  edge  directions  of  the  two  neighbors  which  are  in  a 
position  normal  to  the  direction  of  the  center  edge  pixel  under 
consideration  are  within  30°  of  this  center  pixel  under  consideration  or 
the  magnitudes  of  these  neighbors  are  both  zero,  and 

2)  The  output  edge  magnitude  at  the  center  pixel  is  greater 
than  the  edge  magnitudes  of  the  two  neighbors.  (The  normal  to  a  30° 
direction  is  approximated  by  the  diagonals  on  a  3x3  grid.) 

or 

1)  One  of  the  previously  mentioned  neighboring  pixels  is 
within  30°  of  the  opposite  direction  of  the  center  pixel  and  the  other 
neighbor  is  within  30°  of  the  center  pixel  under  consideration  and 

2)  The  center  edge  pixel  is  a  local  maximum  with  respect  to 
its  neighbor  in  the  same  direction. 

In  addition,  a  smoothing  operation  performed  on  the  direction 
array.  The  smoothing  operation  is  performed  before  thinning.  The- 
following  Illustrates  the  implementation  of  the  smoothing  operation.  If 
a  30°  direction  potential  edge  element  has  neighbors  in  positions  1  and 
5  (see  Figure  5)  whose  directions  are  both  0°,  then  the  30°  potential 
edge  element  is  changed  to  a  0°  direction.  This  procedure  is  used  to 


prevent  gaps  in  edges  due  to  variation  in  edge  magnitudes. 

Results  of  different  combinations  of  masks  and  thinning  techniques 
are  shown  in  figures  2  through  4. 

V.  Determination  of  Line  Segments 

The  extraction  of  line  segments  from  the  thinned  image  is 
accomplished  in  two  stages.  The  first  step  chooses  neighbors  preceding 
and  following  an  edge  pixel,  and  the  second  step  links  pixels 
sequentially  in  line  segments,  labelling  the  line  segments  by  their  end 
points.  The  method  is  a  slight  variation  from  the  line  linking  routine 
in  (2). 

First,  the  neighboring  edge  pixels  preceding  and  following  a  given 
edge  pixel  are  determined,  called  predecessors  and  successors, 
respectively.  Two  pixels  are  labelled  as  successors  and  two  as 
predecessors  for  a  given  pixel.  The  neighbors  lie  in  one  of  eight 
positions  relative  to  the  edge  pixel,  as  labelled  below: 

4  3  2 


6  7  8 


Figure  5 

One  step  of  the  thinning  process  possibly  eliminates  the  two  pixels 
in  the  direction  perpendicular  to  the  edge  pixel  direction.  Thus,  an 
edge  pixel  looks  for  possible  successors  in  the  remaining  three 
positions,  which  point  in  the  general  direction  of  the  edge  pixel 
direction.  For  example,  if  the  edge  pixel  has  30°  direction,  then 
possible  successors  lie  in  positions  1,  2,  and  3. 

A  pixel  is  retained  initially  as  a  possible  successor  if  the 
following  two  conditions  are  met: 

1)  Its  magnitude  is  not  equal  to  zero; 

2)  Its  direction  lies  within  30°  of  the  direction  of  the  edge 


pixel 


If  only  one  pixel  satisfies  these  conditions,  then  there  is  only  one 
successor.  If  there  are  two  such  pixels,  then  the  pixel  with  the 
greater  magnitude  is  the  primary  successor  and  the  remaining  one  is  the 
secondary  successor.  If  there  are  three  pixels  satisfying  these 
conditions,  then  the  primary  successor  is  the  one  whose  Euclidean 
distance  to  the  edge  pixel  is  a  minimum.  In  this  case,  the  second 
successor  is  the  one  whose  direction  is  different  from  the  primary 
successor's  direction. 

Predecessors  are  chosen  by  the  same  method  as  for  successors.  For 
example,  in  the  case  where  the  edge  pixel  has  0°  direction,  its 
successors  would  be  located  in  positions  8,  1,  or  2  and  its  predecessors 
located  in  position  4,  5  or  6.  Note  also  that  if  a  pixel  A  has  a 
successor  B,  then  A  is  a  predecessor  of  B. 

The  output  from  this  subroutine  is  four  arrays,  each  of  whose 
dimension  is  the  same  as  the  original  image,  and  whose  entries  are 
numbers  from  0  to  8  representing  that  pixel's  successors  and 
predecessors.  Zero  designates  that  a  pixel  has  no 
predecessor/successor . 

It  was  discovered,  at  too  late  a  date  to  rewrite  the  code,  that  the 
predecessor  array  could  be  generated  almost  directly  from  the  successor 
array.  This  would  approximately  cut  in  half  the  amount  of  code  needed 
for  this  subroutine. 

The  second  step  uses  the  successor  and  predecessor  arrays  to  link 
the  pixels  sequentially  in  line  segments.  The  output  from  this 
subroutine  is  two  arrays,  one  containing  the  X  coordinates  of  the 
endpoints  of  the  line  segments,  and  the  other  containing  the  Y 
coordinates  of  the  endpoints  of  the  line  segments.  The  line  segments 
are  directed,  as  the  masks  that  determine  the  pixels'  directions  have 
twelve  possible  directions. 

Starting  from  the  top  left-hand  oorner,  an  edge  pixel  that  has  no 
predecessor  is  found.  The  primary  successors  are  followed  from  this 
initial  pixel.  If  the  initial  pixel  has  more  than  two  successors,  then 
a  line  segment  is  constructed,  with  the  initial  pixel  being  one  end 
point  and  the  third  successor  being  the  other  end  point.  For  each 
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successor  that  lias  between  tha  two  and  points,  the  distanoa  batwaan  it 
and  tha  lina  segment  is  ehaekad.  If  aaoh  intermediate  successor  has  a 
distanoa  to  tha  lina  segment  of  one  unit  or  lass,  than  tha  next 
successor  of  tha  present  endpoint  is  located.  This  successor  becomes 
the  end  point  of  an  extended  line  segment  whose  other  end  point  is  still 
the  Initial  pixel.  Again,  the  distances  of  each  intermediate  successor 
to  the  newly  constructed  line  segment  is  cheoked,  and  if  each  distance 
is  less  than  or  equal  to  one  unit,  then  the  process  continues  to  find 
the  next  successor,  create  a  new  line  segment,  check  distances  of  the 
intermediate  successors,  etc.  If  at  any  time  the  distance  from  an 
intermediate  successor  to  the  present  line  segment  is  greater  than  one 
unit,  the  process  stops.  The  end  points  of  a  line  segment  are  output, 
with  the  starting  point  having  the  coordinates  of  the  initial  pixel,  and 
the  terminal  point  having  the  coordinates  of  the  next  to  the  last 
successor  checked.  This  terminal  point  becomes  the  initial  pixel  of  a 
new  line  segment,  and  successors  are  traced  from  it  as  described  above, 
until  a  pixel  with  no  successors  is  reached.  This  pixel  is  always  the 
last  of  the  successors  of  our  initial  pixel.  Overlapping  the  endpoints 
of  the  line  segments  in  this  manner  will  avoid  creating  gaps  in 
otherwise  continuous  boundaries. 

If  two  pixels  have  the  same  point  as  a  primary  predecessor,  then 
there  exists  a  "fork”  in  the  line  segment  being  traecd.  Since  only  the 
first  successors  are  traced,  the  line  segments  described  by  following 
the  seoond  successor  would  be  omitted  by  the  above  line  tracing 
algorithm.  This  situation  is  avoided  by  making  a  first  pass  at  the  data 
and  changing  the  primary  predecessor  array  as  follows:  Let  A  and  B 
denote  the  two  pixels  with  C  as  a  common  predecessor,  and  let  the  arrows 
in  Figure  (6)  denote  the  direotlon  of  the  respective  pixels.  The  seoond 
successor  of  C  is  found;  suppose  it  is  B.  The  predecessor  of  B  (namely 
C)  is  changed  to  zero,  that  is,  B  is  no  longer  considered  to  have  a 
predecessor.  Thus,  when  the  pixel  B  is  cheoked  to  see  if  it  has  a 
predecessor,  it  will  not,  and  thus  a  line  segment  will  be  initialized  at 
pixel  B, 
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Figure  6 

After  the  last  pixel  in  a  sequence  of  successors  is  reached,  i.e., 
the  pixel  has  no  successor,  the  search  resumes  for  the  next  pixel  that 


has  no  predecessor. 

The  output 

is  arranged  in  the 

following  manner 

X(1) 

Y(1 ) 

X(2) 

Y(2) 

X(3) 

• 

Y(3) 

• 

X(U) 

• 

Y(M) 

• 

• 

• 

X(2n-1) 

* 

• 

Y(2n-1) 

• 

0 

X(2n) 

• 

• 

Y(2n) 

where  (X(2i-1),  Y(2i-1)  are  coordinates  of  the  initial  pixel  of  the  ith 
line  segment,  and  (X(2i),  Y(2i)  are  the  coordinates  of  the  terminal 
pixel  of  the  ith  line  segment,  for  i  =  1,  n,  where  n  equals  the 
number  of  line  segments  in  the  image. 

VI.  Finding  Reverse  Parallel  Line  Segments. 

This  stage  of  the  algorithm  groups  the  directed  line  segments  into 
pairs.  Two  directed  line  segments  will  be  grouped  into  a  pair,  or 
labelled  a  Revpar,  if  the  following  conditions  are  satisfied: 

1)  They  have  approximately  opposite  directions. 

2)  The  "distance”  between  them  is  less  than  a  parameter  BW 
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which  can  be  set  by  the  user. 

3)  They  overlap. 

Before  explaining  how  the  conditions  are  checked  it  is  important  to 
point  out  that  the  (x,y)  coordinates  of  a  point  denote  the  position  of 
the  point  in  an  array,  which  is  not  the  usual  x,y  coordinate  system 
(figure  7).  Therefore,  if  orientation  is  to  be  measured  from  the 
horizontal,  many  familiar  formulas  appear  different.  For  example  the 
slope  of  the  line  passing  through  the  points  (X|,y^>,  (x2,y2)  is  given 
by 

1  2 

Slope  s  x  -x 


The  change  from  the  usual  coordinate  system  into  the  new  coordinate 
system  is  accomplished  by  the  transformation  (x,y)(y,-x).  Thus  a 
formula  in  the  new  coordinate  system  can  be  found  by  applying  the  above 
transformation  to  the  familiar  formulas. 

Condition  1 )  is  checked  by  first  computing  the  slopes  of  the 
directed  line  segments.  The  arctangent  of  the  slope  is  computed.  If 


the  result,  W,  is  negative  then  180°  is  added  to  W  so  that  w  will  be 


between  0°  and  180°.  Let  D  be  the  direction  associated  with  the  initial 


point  of  the  line  segment.  Then  if 
|d-V  |  30° 

then  W's  W+180°,  otherwise  W'  3  W.  This  procedure  preserves  reverse 
orientations.  At  this  point  in  the  algorithm  the  nth  line  segment  has  a 
direction  W'2  associated  with  it.  The  algorithm  then  labels  two  line 


segments,  Lr  and  Lm,  as  a  Revpar  if 


165°  K  -  I  *  195°* 

Condition  2)  is  cheoked  only  if  condition  1)  is  satisfied.  The 


”dlstance”between  two  directed  line  segments,  L  and  L  ,  is  actually  the 

n  m 


distance  between  the  line  determined  by  Lr  (for  example)  and  the  initial 


point,  (xj>m-i'Y2m-1),  of  L  - 


Condition  3)  is  checked  only  if  condition  2)  is  satisfied.  The 


0°/180°  and  90°/270°  degree  cases  are  straightforward.  The  30°/210° 


will  be  presented  here,  the  other  cases  being  similar.  Figure  8  shows 
what  is  meant  by  a  pair  of  overlapping  directed  line  segments.  The 
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generated  from  an  internal  subroutine;  however,  our  ten-week  appointment 
this  summer  was  too  short  to  permit  us  to  do  so. 

A  pair  of  reverse  parallel  lines  are  inspected  to  determine  where 
they  "overlap,"  in  the  sense  of  the  previous  chapters.  Then  one  or  both 
lines  are  traced,  on  the  portions  where  they  overlap,  by  following 
successors.  At  each  edge  pixel,  the  mean  average  and  standard  deviation 
for  a  given  neighborhood  are  calculated,  with  the  neighbor  array  values 
taken  from  the  original  image  and  the  neighborhood  on  the  outside  of  the 
lines.  If  the  results  are  within  certain  tolerances  previously 
determined  by  the  user,  the  edge  pixel  is  declared  to  be  a  bridge  pixel. 
For  the  case  where  the  pair  of  reverse  parallel  lines  are  0°  and  180°, 
the  only  edge  pixels  checked  are  those  that  are  along  the  lower  line, 
the  line  segment  closest  to  the  bottom  edge  of  the  image.  See  Figure 
(10)  for  the  0°  neighborhood.  The  assumption  made  here  is  that  if  a 
bridge  over  water  is  approached  so  it  appears  to  be  parallel  to  the 
horizon,  then  there  most  probably  will  be  water  "in  front  of"  the 
bridge,  relative  to  the  viewer.  It  was  observed  that  sometimes  the 
contour  of  the  land  directly  "behind"  the  bridge  (relative  to  the 
viewer)  was 

Neighborhood  for  edge  pixel  on  a 
0°/l80°  line  segment 
Figure  (8) 

"close"  to  the  bridge  so  that  neighborhoods  on  the  region  of  the  upper 
line  edge  pixels  would  overlap  on  what  was  land,  and  thus  the  statistics 
would  be  outside  the  set  tolerances.  A  suggestion  for  a  future 
Improvement  might  be  to  check  for  water  next  to  both  lines,  with  the 
upper  line  increasing  the  confidence  it  is  a  bridge  if  those  edge  pixels 
are  declared  bridge  pixels  in  addition  to  the  edge  pixels  on  the  lower 
line.' 

This  is  the  only  case  coded  at  the  present  time.  The  remaining 


five  cases,  for  the  reverse  parallel  lines  30°  -  210°,  60°  -  240°,  etc., 
are  similar  to  the  0°/180°  case.  Unfortunately,  time  ran  short  to  code 
and  debug  these  last  cases. 

VIII.  Recommendations . 

The  Fortran  program  that  implements  the  algorithms  developed  to 
detect  bridges  on  data  gathered  by  Texas  Instruments,  Inc.,  (TI),  is 
located  in  the  Image  Processing  Lab  (IPL)  at  Eglin  AFB.  A  user's  guide 
is  available  which  will  help  the  user  to  set  parameters  for  the  purpose 
of  experimentation.  The  program  was  designed  to  operate  specifically  on 
TI  images  as  provided  by  the  IPL;  however,  with  only  slight 
modifications,  it  will  process  other  imagery  whose  dimensions  are  less 
than  or  equal  to  120x360. 

Bridges  in  FLIR  images  appear  to  have  intensities  which  are  local 
maximums  in  the  direction  orthogonal  to  the  edges  of  the  bridge.  A 
simple  procedure  could  be  used  to  check  if  a  Revpar  has  this  property. 

A  line  segment,  L,  can  be  constructed  which  passes  through  the  midpoints 
of  the  overlapping  parts  of  the  Revpar.  The  midpoint  of  L  would  be 
halfway  between  the  line  segments  which  make  up  the  Revpar.  The 
endpoints  can  be  chosen  outside  of  the  bridge.  A  parabola  can  then  be 
fit  through  the  intensity  values  of  these  three  points.  Only  the 
leading  coefficient  of  the  interpolating  polynomial  needs  to  be  checked. 
If  the  coefficient  is  positive  then  the  Revpar  is  probably  not  a  bridge, 
if  the  coefficient  is  negative  then  the  Revpar  could  be  a  bridge. 

The  line  segment  approximation  subroutine  could  be  simplified. 
Presently  the  algorithm  approximates  the  edges  by  extending  a  line 
segment  to  the  successor  of  an  endpoint  and  then  checking  the  distances 
of  all  the  points  that  are  already  on  the  line  segment  to  the  new  line 
segment.  This  procedure  Involves  many  computations  of  distance,  which 
is  inefficient.  If  a  characterization  of  what  is  considered  a  line 
segment  by  the  algorithm  could  be  found  using  the  octal  chain  code,  then 
the  computation  time  may  possibly  be  decreased  significantly. 

It  would  be  desirable  to  be  able  to  extend  the  program  to  include 
locating  bridges  over  other  terrain.  This  is  feasible  due  to  the 
modular  structure  of  the  program.  Up  through  finding  reverse  parallel 
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line  segments,  the  algorithm  does  not  use  contextual  information 
eonoerrning  the  immediate  surroundings  of  the  Revpar.  Subroutines  could 
be  added  so  that  if  oertain  conditions  were  satisfied,  the  appropriate 
subroutine  would  be  called  to  use  contextual  information  to  determine  if 
the  line  segments  constitute  a  bridge  over  a  specific  terrain,  as  for 
example,  over  railroad  tracks. 

Other  contextual  and  geometric  information  can  be  utilized  to 
Increase  the  confidence  a  bridge  is  located.  Super-  and  substructures 
can  be  classified.  The  periodicity  of  bridge  pilings  which  occur  at 
regular  intervals  may  be  able  to  be  utilized. 

The  fact  that  bridges  usually  connect  homogeneous  regions  may  be 
utilized.  For  example,  narrow  peninsulas  in  bodies  of  water  are  often 
detected  as  possible  bridges,  which  is  undesirable.  Bridges  also  result 
in  discontinuities  of  the  objects  they  cross.  This  is  taken  advantage 
of  as  in  the  case  of  bridges  over  water.  Another  example  is  a  bridge 
over  a  road  disconnects  the  roads  it  crosses  over.  Thus,  examining 
scene  content  and  geometric  details  in  the  area  of  the  reverse  parallel 
lines  will  aid  in  detecting  bridges  in  various  contexts. 

The  algorithm  could  be  applied  to  other  fixed  high  value  targets. 
Immediately  before  the  algorithm  looks  for  REVPAR 's  the  image  has  been 
segmented  into  directed  line  segments.  These  directed  line  segments 
could  be  used  as  "primitives"  for  further  analysis.  A  runway  could  be 
described  in  terms  of  directed  line  segments.  In  fact,  any  object  whose 
shape  can  be  approximated  by  a  polygon  can  be  described  in  terms  of 
directed  line  segments.  Thus  the  possibilities  for  other  applications 
of  modifications  of  the  algorithm  are  good. 


IX.  Results 

The  algor ithm  processed  60  Images,  37  of  which  were  inspected 
closely.  For  each  input  image,  the  output  was  two  images,  one  image 
containing  the  thinned  edges  and  the  other  image  containing  the  reverse 
parallel  lines.  These  images  were  hardcopied  and  put  in  a  large  binder, 
available  from  the  IPL.  Of  the  37  thinned  images,  17  retained  90%  or 
more  of  the  target  edge  pixels.  Eighteen  retained  partial  edges  of  the 
target.  Partial  edges  are  any  edges  up  to  90%  of  the  total  target  edge 
pixels.  Of  the  37  revpar  Images,  14  retained  90%  or  more  of  the  target 
edge  pixels,  and  20  retained  partial  edges  of  the  target.  Of  the  35 
thinned  images  that  retained  any  target  edge  pixels,  nearly  all  (90%)  of 
the  detected  target  edges  were  present  in  the  corresponding  revpar 
images.  The  results  are  contained  in  the  table  below: 

No.  of  Percent 

Images/35 


Whole  edge  of  target  in 

Thinned  Image  17  49% 

Partial  edge  of  target  in 

thinned  image  18  51% 

Total  35  100% 

Whole  edge  of  target  in 

revpar  image  14  40% 

Partial  edge  of  target 

in  revpar  image  18  51% 

Total  32  91% 


The  algorithm  seemed  to  detect  targets  at  long  range  where  there  is 
less  detail.  This  is  probably  partially  due  to  the  line  segmentation 
subroutine,  which  kept  line  segments  from  2  pixels  in  length  and  longer. 
Therefore,  closer  to  the  target  where  edges  are  likely  to  have  more 
detail,  short  line  segments  describing  these  edges  were  numerous  and 
seemed  to  "clutter"  the  image. 

Of  the  four  images  where  the  water  checking  subroutine  was  run,  the 


revpars  kept  did  include  target  pixels.  See  Figures  for  these 

results. 

The  algoritha  does  an  excellent  Job  of  detecting  edges  where  there 
is  a  reasonable  amount  of  contrast.  The  reverse  parallel  lines  are  also 
fairly  well  detected.  Hopefully,  these  two  procedures  provide  much 
lnfornatlon  which  can  be  utilized  to  continue  development  on  a  fairly 
high  confidence  bridge  detection  algorithm. 


Appendix  A  -  Program  Users  Guide 


This  appendix  has  four  parts;  how  to  run  the  program,  a  flow  chart 
of  the  program,  and  a  list  of  subroutines  with  a  brief  description  of 
what  each  subroutine  does,  and  an  Indexed  list  of  Images. 

Anyone  wishing  to  use  the  program  is  advised  to  read  the  main  body 
of  the  report  and  then  examine  the  flow  chart  (Figure  A).  The  program 
is  designed  to  be  experimental,  and  therefore  there  are  parameters  which 
the  user  can  set  and  subroutines  which  the  user  can  choose  to  use  or  not 
use.  In  order  to  set  the  parameters  and  choose  the  routines  to  use  one 
should  have  a  clear  idea  of  how  the  program  works. 

1 .  How  to  Run  the  Program 

The  program  is  designed  to  operate  on  the  bridge  Images  (DBRG) 
in  the  TI  database.  (Changing  to  other  IRHVTA  Images  would  be  a  matter 
of  minor  revisions  of  the  READ  and  WRITE  statements). 

You  must  have  the  following  things  available  in  your  account: 
i)  The  programs  DATAIN.EXE 
BRBATCH/FOR 
BCOMLIHK.COM 
BRUN.COM 

ii)  The  file  NAME.DAT 

ill)  A  direotory  to  store  the  output  images. 

The  first  thing  you  must  do  is  create  a  directory  to  store  the 
output  Images.  For  example  if  you  want  to  create  the  directory 
[DOE. IMAGES]  simply  type 

CREATE/DIR  [DOE. IMAGES] 


on  the  CRT. 


Next  thing  to  do  is  change  the  name  of  the  output  files  in  the 


code  Itself  must  be  changed.  This  can  be  done  by  the  following  steps: 
i)  type  EDIT  BRBATCH.FOR  return 
ii)  type  C  return 

You  are  now  in  the  edit  mode 

ill)  Use  the  FIND  command  to  look  for  NAME1. 


NAME  1  occurs  three  tines,  one  for  each  output  image. 

When  you  find  it,  simply  replace  the  existing 
directory  and  subdirectory  with  your  directory 
and  subdirectory  [DOE. IMAGES].  DO  THIS 
IN  ALL  THREE  CASES, 
iv)  type  CTRLZ 
v)  type  EXIT 

Now  you  must  compile  and  link  the  program  which  can  be  done  by 
typing  SUBMIT  BCOM.INK.  The  job  is  run  by  batch  mode. 

The  above  steps  only  need  only  be  done  once.  At  this  point  you 
will  have  the  executable  program  BRBATCH.EXE  which  is  what  you  will  use 
to  run  the  program. 

Now  you  type  RUN  DAT AIN.  The  questions  shown  in  Figures  2  will 
appear  on  the  screen  sequentially.  The  indented  questions  will  be  asked 
only  if  the  preceding  question  was  answered  Y. 

To  answer  question  number  2  you  must  enter  the  index  numbers  of 
the  images  you  want  to  process.  The  index  numbers  are  given  on  the  last 
3  pages  of  this  appendix.  For  example,  if  you  want  to  process  DBRG 
20 126. IMG  you  would  enter  6.  Questions  5  and  6  offer  room  for 
experimentation.  You  may  answer  N  to  5  and  Y  to  6.  The  program  will 
then  do  the  local  average  and  then  threshold.  You  may  answer  Y  to  5  and 
N  to  6.  The  program  will  then  simply  threshold.  You  may  answer  T  tj 
both  or  N  to  both.  To  answer  8-10  you  must  know  that: 

AVI:*  mean  intensity  of  water 
ALPH:*  standard  deviation  of  ALPH 

G:*  mean  standard  deviation  of  water 
BETA: *  standard  deviation  of  G. 

There  is  room  for  experiment  here  also.  For  example,  if  the  user  wanted 
to  use  only  the  standard  deviation  of  water  as  a  feature  the  user  could 
set  AVI  and  ALPH  equal  to  zero. 

If  the  user  answers  Y  to  12  then  the  parameters,  the  bridge  file  name, 
and  the  number  of  Revpars  will  be  written  to  a  file  PARJOBNO.DAT. 

2.  SUBROUTINES 

This  section  lists  the  subroutines  in  the  order  that  they  are 
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called.  A  brief  description  of  what  they  do  is  given,  and  the  user 
supplied  paraaeters  they  use  are  listed. 

COMV 

Paraaeters t  MSIZE 

This  is  a  subroutine  to  convolve  an  laage  with  a  Bask.  The 
aask  can  be  3x3,  or  5x5.  HSIZE  is  the  size  of  the  Bask. 

APRUNE 

This  subroutine  smooths  the  direction  array  using  a  variable 

window. 

THRESHOLD 

Parameters:  ALPHA: 

This  subroutine  computes  the  mean  M  and  standard  deviation  S  of 
an  array.  Zero  values  are  not  used  in  the  computation.  The  array  is 
then  thresholded  at 

T  s  M  ♦  ALPHAXS. 

LOCAVE 

This  subroutine  uses  3x3  windows  to  perform  a  local  averaging 
operation  on  an  array. 

THIN 

This  subroutine  thins  the  convolved  image  according  to  the 
conditions  listed  in  Section  IV. 

SCALE 

This  subroutine  linearly  scales  an  array  so  that  its  entries 
will  have  values  between  0  and  255. 

RERITVIM 


This  subroutine  puts  an  image  into  the  proper  format  for 
display  on  the  Deanza.  RERITVIM  calls  the  library  routines  VIMALL  and 
VIMPOT.  The  formatted  image  is  written  to  a  file. 

CHANGE 

This  subroutine  changes  the  subscripts  from  (Column,  Row)  to 
(Row,  Column). 

PRELINK 

This  subroutine  generates  the  successor-predecessor  files  used 
to  later  approximate  the  edges  by  linear  segment. 
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PIXLINK 

This  subroutine  generates  the  endpoints  of  the  line  segments 
which  approximate  the  edges.  The  number  of  line  segments  is  computed 
here. 

REVPAR 

Parameters  BW 

This  subroutine  establishes  pairs  of  reverse  parallel  line 
segments.  BW  is  an  upper  bound  on  the  distance  between  the  segments  of 
a  REVPAR. 

SUCCESS 

This  subroutine  computes  the  coordinates  of  the  successor  of  a 

pixel. 

CHANGE2 

This  subroutine  changes  the  subscripts  from  (Row,  Column)  to 
(Column,  Row). 

WATERCK 

This  subroutine  checks  for  water  below  a  horizontal  Revpar. 

STARTI 

This  subroutine  is  used  to  determine  to  initial  and  endpoints 
of  the  overlapping  parts  of  a  Revpar  if  the  0°  line  is  on  the  bottom. 

STARTJ 

Same  as  STARTI  except  if  180°  line  is  on  the  bottom. 

3.  The  next  four  pages  contain  the  flowchart  of  the  program.  The 
left  most  column  contains  processing  steps  done  by  the  main  routine. 

The  middle  column  contains  optional  processing  steps.  The  rightmost 
column  contains  subroutines. 

4.  The  pages  after  that  contain  the  indexed  listing  of  the 
bridges.  This  is  the  listing  you  must  use  to  run  the  program. 


Subroutine 
Puutf  K 


SuBRouTlN? 

“RBv/PtVR 


1.  ENT: ZR  THE  NUMBER  OF  IMAGES  YOU  ARE  PROCESSING  IN  YOUR 
UCB  (UP  TO  50) 

2.  ENTER  THE  FILE  NUMBERS  IN  THE  USERS  GUIDE  THAT  YOU  WISH 
TO  PROCESS.  TYPE  THEM  IN  ONE  AT  A  TIME. 

3.  THE  MASK  SIZE  DEFAULT  IS  FOR  THE  3X2  MASKS.  DO  YOU  WISH 
TO  CHANGE  IT  TO  THE  5X5  MASKS'?  <Y  OR  N) 

4.  THERE  ARE  TWO  OPTIONS  FOR  OUTPUT  FROM  THIS  PROGRAM.  ONE 
IS  TO  GET  IMAGE  TYPE  FILES  AND  DISPLAY  THEM  ON  THE  DE  ANZA 

'AND  THE  OTHER  IS  TO  HAVE  A  30X30  SUBARRAY  OUTPUT  IN  A  FIL.E 
WHICH  YOU  CAN  PRINT  OUT  ON  THE  PRINTER.  IF  YOU  WOULD  LIKE 
THE  30X30  PRINTOUT  ON  THE  PRINTER  OPTION,  PLEASE  TYPE  Y. 
TYPING  N  WILL  CREATE  ft(_£S  TO  BE  DISPLAYED  ON  THE  DE  ANZA. 

a.  1  PLEASE  ENTER  THE  UPPER  LEFT  HAND  COORDINATES  OF  THE  00 
SU3ARRAY.  • ROW,  COLUMN) 

5.  DO  YOU  WISH  TO  THRESHOLD?  (Y  OR  N> 

5.1  THE  c  IR.3T  THRESHOLD  PARAMETER  IS  ALPHA*  .ALPHA, 

DO  YOU  WISH  TO  CHANGE  IT?  <Y  OP  N> 

5  2  YOU  MUST  ENTER  A  DECIMAL  POINT  IN  YOUR  ANSWER. 

PLEASE  ENTER  THE  NEW  ALPHA  PARAMETER 

6.  THE  LOCAL  AVERAGE  WILL  EE  COMPUTED  ON  THE  IMAGE  IF  YOU  TYP 
IN  A  V.  IT  WILL  •vijT  3E  COMPUTED  IF  YOU  TYPE  IN  A  N. 

a.  1  THE  SECOND  THRESHOLD  PARAMETER  IS  ALPHA 1*  .ALPHA!, 

DO  YOU  WISH  TO  CHANGE  IT?  >' V  OR  N) 

6.2  YOU  MUST  ENTER  A  DECIMAL  POINT  IN  YOUR  ANSWER. 

PLEASE  ENTER  THE  NEW  ALPHA i  PARAMETER: 
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THE  WATER  STATISTICS  ARE  SET  AS  FOLLOWS: 

AVI  =  ,  AVI. 

ALPH*  ,  ALPH, 

G*“  ,  Si 

SETA*.  ,  BETA. 

S.  DO  YOU  WISH  TO  CHANGE  AVI?  <Y  OR  N>? 

3  1  YOU  MUST  TYPE  A  DECIMAL  IN  YOUR  NUMBER.  PLEASE  ENTER  THE  MEW 
VALUE  FOR  AVI. 

9.  DO  YOU  WISH  TO  CHANGE  ALPH?  (Y  OR  N)? 

9.  1*  YOU  MUST  TYPE  A  DECIMAL  IN  YOUR  NUMBER.  PLEASE  ENTER  THE  NEW 

VALUE  FOR  ALPH: 

10  DO  YOU  WISH  TO  CHANGE  0?  <Y  OR  N)? 

10.  1  YOU  MUST  TYPE  A  DECIMAL  IN  YOUR  NUMBER  PLEASE  ENTER  THE  NEW 

VALUE  FOR  0 

11  DO  YOU  WISH  TO  CHANGE  BETA?  <Y  OR  N>? 

11.  1  YOU  MUST  TYPE  A  DECIMAL  IN  YOUR  NUMBER.  PLEASE  ENTER  THE  MEW 

VALUE  FOR  DETa: 

:S  DO  YOU  WISH  A  PRINTOUT  OF  ALL  THE  PARAMETERS?  <Y  OR  N> 


I-  T 

THE  PRINTOUT  IS  BOTH  ON  THE  SCREEN  AND  IN  THE  FILE  fjWRWT. 

12  “HE  DEFAULT  IS  TO  CHECK  FOR  WATER  TYPE  Y  IF  YOU  WISH  TO  DO  THIS  . 
“-AS  N  IF  YOU  DON'T. 
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Abstract 

This  report  describes  a  mathematical  formulation  for  modeling  the  LOGAIR 
system.  It  also  discusses  other  contributions  made  during  the  sianer 
research  program. 

The  LOGAIR  system  Is  a  privately  contracted  airlift  system  providing 
dally  air  cargo  service  to  56  bases  In  the  continental  United  States 
(CONUS).  The  Air  Force  manages  and  controls  the  operation  which  uses  16 
separate  routes.  Allocation  of  cargo  to  system  capacity  Is  presently 
handled  manually  by  controllers  stationed  at  WPAFB  and  various  Air 
Logistics  Centers  located  elsewhere. 

Because  of  the  limited  efficiency  of  manually  allocating  cargo,  and  the 
great  potential  for  human  error,  a  way  of  mathematically  modeling  the 
allocation  process  and  Incorporating  this  model  Into  a  computer-based 
allocation  system  Is  Investigated.  The  discussion  centers  on  how  certain 
aspects  of  the  allocation  process  can  be  modeled  as  a  multi-period 
generalized  assignment  problem,  while  other  aspects  could  be  modeled  as  a 
multicommodity  capacitated  transshipment  problem. 

Although  the  above  formulations  are  difficult  combinatorial  optimization 
problems,  recent  studies  suggest  that  the  allocation  models  could  be 
solved  dally  on  a  microcomputer.  The  mathematical  models  developed  to 
date  are  presented  and  suggestions  made  for  further  research  In 
development  of  the  model  and  for  Implementing  this  model  as  the  basis  of 
a  computer-based  allocation  system. 
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I.  INTRODUCTION 


Many  problems  of  both  practical  and  theoretical  Importance  Involve 
finding  combinations  of  variables  which  provide  optimal  or  near  optimal 
solutions  given  an  objective  function  and  a  specific  set  of  constraints. 
For  the  Air  Force  In  particular,  one  such  problem  Is  the  dally  task  of 
allocating  cargo  to  available  airlift  capacity  In  the  LOGAIR  (Logistics 
Airlift)  system. 

LOGAIR  exists  to  provide  fast  transportation  of  high  priority  cargo  among 
56  Air  Force  bases  In  the  Continental  United  States  (CONUS).  As  shown  in 
Figure  1,  five  Air  Logistics  Centers  (ALCs)  located  at  the  Kelly, 

Tinker,  Hill,  McClellan  and  Warner-Robblns  Air  Force  Bases  as  well  as 
Wright- Patterson  AFB  (WPAFB)  serve  as  cargo  Interchange  points  with 
feeder  routes  emanating  from  each  location.  Trunk  routes  connect  the 
ALCs,  WPAFB  and  points  of  embarkation  at  McGuire,  Dover  and  Travis  Air 
Force  Bases.  Allocation  to  these  routes  Is  made  manually  by  controllers 
at  WPAFB  and  some  of  the  ALCs. 

As  Figure  1  suggests,  allocation  of  cargo  to  the  LOGAIR  system  Is  a 
complex  task  due  to  the  enormous  number  of  weys  that  pallets  can  be 
assigned  to  aircraft.  The  problem  Is  complicated  by  multiple  types  and 
prlorltes  of  cargo  pallets  and  types  of  aircraft.  In  addition,  all  bases 
must  be  adequately  serviced  and  transit  times  must  meet  Air  Force 
requirements.  The  complexity  of  the  problem  limits  the  efficiency  of  a 
annual  allocation  system,  but  lends  Itself  to  some  degree  of  mathematical 
modeling  and  automation. 

In  an  effort  to  model  the  more  complex  combinatorial  characteristics  of 
the  cargo  allocation  problem,  the  authors  have  spent  10  weeks  learning 
much  of  the  operation  of  the  LOGAIR  system  and  developing  preliminary 
models  which  reflect  particular  aspects  of  the  allocation  process.  This 
paper  describes  these  preliminary  models,  their  use  In  a  computer-based 
allocation  system  and  the  potential  benefits  of  such  a  system.  In 
addition,  other  contributions  made  to  the  AFLC  during  the  same  10  week 
period  are  briefly  discussed. 
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111.  EVALUATION  of  PRESENT  MANUAL  ALLOCATION  PROCESS 


Because  of  the  complexity  of  the  cargo  allocation  process*  the  efficiency 
of  a  manual  allocation  system  Is  limited.  There  are  three  basic  reasons 
for  this. 

First,  even  the  most  experienced  human  controllers  cannot  simultaneously 
consider  the  enormous  number  of  ways  that  the  pallets  could  be  assigned 
on  a  given  day.  As  a  result.  It  Is  frequently  the  case  that  allocations 
which  move  more  cargo  exist,  but  are  overlooked  by  the  controller.  An 
underlying  mathematical  model  could  Identify  allocations  which  Improve 
aircraft  utilization  and  move  more  cargo. 


Second,  under  the  present  entirely  human  allocation  process,  arithmetic 
errors  tend  to  occur,  necessitating  backtracking  and  double  checking  at 
times  when  their  human  skills  need  to  be  more  creatively  used.  A 
computer-based  system  would  eliminate  much  of  this  error. 

Finally,  the  ten  LOGAIR  controllers  tend  to  use  personalized  allocation 
schemes,  which  produce  a  variety  of  final  allocations.  A  mathematical 
model  would  add  consistency  to  the  process,  making  all  persons  Involved 
more  comfortable  with  the  allocations,  making  It  easier  for  supervisors 
to  review  allocations  and  to  train  new  controllers. 


IV.  THE  MATHEMATICAL  MODEL 


During  the  Summer  of  1964,  preliminary  work  on  the  mathematical  model  was 
carried  out  by  the  authors.  Several  characteristics  of  the  problem 
appear  In  models  which  have  been  recently  described  In  the  literature  by 
the  author  of  this  proposal  and  other  researchers.  These  Include  the 
multi-period  and  multiple-choice  knapsack  problems  (Faaland,  1981;  Slnha 
and  Zoltners,  1979),  the  generalized  assignment  problem  (Hygard  et  al, 
1984;  Hygard  and  Nelson,  1983;  Fisher  and  Jalkumar,  1981);  and  the 
multi coMOdlty  network  flow  problem  (Kennlngton  and  Helgason,  1980, 
Rosenthal, 1983).  We  now  present  some  of  our  progress  on  the  mathematical 
model.  The  following  notation  Is  adopted: 


i  ■  index  of  a  base  served  by  LOGAIR.  1  ■  1,  2,  . ..,n,  where  n  is 
the  total  nuaber  of  bases  in  the  entire  LOGAIR  System.  For  a 
particular  flight  f,  nf  is  the  index  set  of  bases  served  by  flight 


p  -  index  of  a  priority  class  for  airlift  available  cargo. 

p«P  *  {s,l,2>  ,  where  s  is  special  high  priority 
(MICAP  and  999  cargo),  1  and  2  are  Military  standard 
transportation  priorities  1  and  2. 

f  -  index  of  a  LOGAIR  route.  f€  F,  where  F  is  the  set  of  ail 
routes. 

p  p 

k  ■  pallet  index.  k£K^j,  where  (Cjj  is  the  set  of  priority  p 
pallets  at  base  i  destined  for  base  j. 


Constants 

p 

NUMjj  *  Number  of  priority  p  pallets  at  base  i  destined  for  base  j. 
CAPf  »  Pallet  capacity  of  the  aircraft  type  which  flies  route  f. 
d  j  j  »  Distance  from  base  i  to  base  j. 

wfj  ■  Weight  of  the  kth  pallet  of  priority  p  at  base  i  destined  for 
base  j. 

PRp  »  Mathematical  "weight"  associated  with  priority  p  (chosen  so 
that  higher  priority  cargo  is  allocated  first) 

pi  pk 

Cm  ■  djj  *  W£j  *  PRp  a  Benefit  of  Shipping  the  kth  pallet  of 
priority  p  from  base  i  to  base  j. 


Variables 


if  the  kth  pallet  of  priority  p 
at  base  i  destined  for  base  j 
is  allocated  to  flight  f 


0 


Otherwise 


For  a  particular  fixed  route  index  f,  consider  the  following 
mathematical  model: 
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Each  constraint  in  set  (l)  represents  a  leg  of  the  flight,  and  ensures 
that  aircraft  pallet  capacity  is  not  exceeded.  Vote  that  the 
constraints  model  off-loading  along  the  route  as  appropriate,  so  that 
the  constraints  ire  not  fully  cumulative  as  they  are  in  a  multi-period 
knapsack  problem  (Faaland,  1981).  An  additional  constraint  set 
similar  to  (l)  is  needed  to  ensure  that  the  total  weight  the  aircraft 
is  allowed  to  carry  is  not  exceeded. 


-VS 


Constraint  set  (2)  ensures  that  the  aodel  allocates  only  pallets 
which  are  actually  available  £or  shipaent.  In  practice,  this  aodel 
must  be  expanded  to  accomaodate  the  two  different  sizes  of  pallets 
in  use,  and  the  regularly  occuring  need  to  link  two  or  aore  pallets 
together  in  a  train.  Constraint  set  (2)  can  be  nodified  and  written 
with  equations  by  adding  a  duaay  flight  which  can  absorb  all  excess 
pallets  froa  each  leg  at  an  artifically  high  cost.  The  new 
constraints  would  be: 

rk*  fkf  r 

*ij  ♦  *ij  *1  i.j  -  l,2,---,nf  *  *eK+j  j 

where  d  is  the  index  of  the  duaay  flight.  The  resultant  aodel  might 
then  be  called  a  aulti -period  generalized  assignment  model.  The 
aodel  extends  the  generalized  assignment  model  because  the  pallet 
allocations  use  aircraft  capacity  on  flight  legs  beyond  the  leg  on 
which  they  are  first  allocated.  The  author  of  this  proposal  has 
implemented  two  state-of -the-art  generalized  assignment  codes  for 
use  in  vehicle  routing  (Nygard  et  al,  1984;  Nygard  and  Nelson, 

1983). 

The  above  model  could  only  handle  a  few  of  the  existing  LOGAIR 
routes,  since  most  of  the  routes  have  flight  legs  in  common  and 
tradeoffs  .among  flights  need  to  be  accomodated.  An  extension  of  the 
above  model  could  simultaneously  allocate  a  collection  of  flights 
with  common  legs. 

To  accomplish  the  extension,  a  network  can  be  defined,  with  a  node 
for  each  base,  and  arcs  for  the  flight  legs.  Assume  that  common 
flight  legs  are  coalesced  into  a  single  arc,  with  a  capacity  equal 
to  the  sum  of  all  the  component  flight  leg  capacities.  The  cargo 
allocation  problem  can  then  be  modeled  as  an  integer  multi 'Commodity 
capacitated  transshipment  problem  on  this  network.  In  this 
formulation,  adopt  the  following  notation: 

biq  *  Supply  of  pallets  of  type  q  at  base  i,  where  q€-Q,  an  index 
set  of  all  pallet  types.-  In  this  model,  there  is  a  pallet  type  for 
each  origin-destination  pair  (i,j)  and  priority  p.  Negative  supply 
values  are  used  for  demands  at  destination  bases. 

Uh  *  Joint  capacity  over  all  commodities  of  network  arc  h,  where 
h«H,  an  index  set  of  arcs  in  the  network. 

Fi  *  Forward  star  of  node  i  (Collection  of  all  arcs  which  originate 
at  node  i). 

Ri  ■  Reverse  star  of  node  i  (Collection  of  all  arcs  which  terminate 
at  node  i). 

Dhq  •  Disutility  associated  with  a  pallet  of  type  q  being 
transported  over  arc  h  (This  is  the  negative  of  the  aircraft 
utilization  measure  used  in  the  first  model). 
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With  this  notation,  the  following  optimization  problem  can  be 
written: 


21,  X,  chq  xhq 
U  H  j«Gl 


Subject  to: 


xhq  ”  ^  xhq  *  biq 

h  4  Fi  h  £  Rt 


h£  Ri 


h  4  H,  q  £  Q 


^  Uh 


xhq  2  0  and  integer 


h  €  H,  q£  Q 


The  solution  to  this  optimization  problem  yields  a  set  of  integer 
cargo  movements  (flows)  which  maximize  aircraft  utilization.  If 
there  is  surplus  capacity  on  a  common  flight  leg,  the  existing 
LOGAIR  preferred  flight  list  would  be  used  to  choose  among  the 
aircraft.  A  dummy  node  and  dummy  arcs  leading  to  it  from  supply 
nodes  would  absorb  excess  supply  and  ensure  feasible  allocations 
when  aircraft  capacity  cannot  handle  all  cargo  waiting  to  he  moved. 
Like  the  first  model,  this  formulation  requires  refinement  to  handle 
weight  as  well  as  pallet  count  capacity,  and  additional  variables  to 
model  alternative  pallet  sizes  and  trains. 


Both  of  the  above  formulations  ace  difficult  combinatorial 
optimization  problems.  However i  very  recent  progress  on  the 
generalized  assignment  problem  carried  out  by  the  author  (Vygard  et 
a l  1984,  Vygard  and  Velson,  1983)  and  on  the  continuous  version  of 
the  multi-commodity  capacitated  transshipment  problem  by  others 
(Rosenthal,  1983)  suggest  that  this  cargo  allocation  problem  can  be 
solved  to  optimality  on  a  microcomputer  on  a  daily  basis.  Under 
this  proposal,  the  basic  research  needed  to  fully  develop  these 
models  would  be  carried  out.  The  study  will  be  complete  with  actual 
coding  and  experiments  carried  out. 
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V.  RECOMMENDATIONS 


Both  of  the  above  formulations  are  difficult  combinatorial  optimization 
problems.  However,  very  recent  progress  on  the  generalized  assignment 
problem  carried  out  by  one  of  the  authors  (Nygard  et  al  1984,  Ny9ard  and 
Nelson,  1983)  and  on  the  continuous  version  of  the  multi -coemodlty 
capacitated  transshipment  problem  by  others  (Rosenthal,  1983)  suggest 
that  this  cargo  allocation  problem  can  be  solved  to  optimality  on  a 
microcomputer  on  a  dally  basis. 

The  authors  have  submitted  a  proposal  to  conduct  the  research  that  Is 
needed  to  fully  develop  these  models  and  to  Implement  them  as  part  of  a 
computer-based  allocation  system.  We  feel  that,  aside  from  benefits 
realized  from  standardizing  allocation  procedures,  expediting  the 
allocation  process  and  reducing  arithmetic  errors,  the  proposed  system 
could  result  In  the  following  three  basic  types  of  benefits: 

1.  Decreased  Need  to  Invest  In  Spares.  Lower  Order  and  Ship  Times 
(OST)  and  retrograde  time  (DRT)  can  allow  a  reduction  In  the  Investment 
for  spares  needed  to  maintain  the  same  level  of  readiness.  A  recent 
study  carried  out  by  Gamblll  of  AFLC/XRS  (Gamblll,  1984)  calculated 
potential  cost  savings  In  Inventory  Investment  for  a  range  of  OST  and  DRT 
values  and  an  801  availability  level.  This  study  Indicates  that  a 
decrease  of  one  day  In  OST  and  DRT  corresponds  to  a  cost  decrease  of 
about  $34.9  million,  or  about  2.3  percent. 

2.  Increased  Readiness.  Assuming  system  costs  are  held  constant, 
reductions  in  OSt  and  ORt  can  help  Increase  readiness.  Even  though 
readiness  Is  a  function  of  many  factors  and  MICAP  Items  are  typically 
shipped  within  DoD  standards  for  transit  time  (Van  Valkenburgh,  1980; 
Wasem,  1983),  some  calculations  which  relate  to  readiness  Improvement  are 
still  possible.  One  part  of  the  Gamblll  Study  (Gamblll,  1984)  assumed 
constant  costs  and  calculated  Increases  In  the  availability  of  weapon 
systems  which  result  from  OST  and  DRT  decreases.  For  example,  with  a  one 
day  decrease  In  OST  and  DRT,  weighted  total  availability  over  all  weapon 
systems  Increased  from  a  baseline  of  801  to  a  new  level  of  81.951. 

3.  Decreased  Direct  Costs.  When  major  cargo  backlogs  occur, 
additional  flights  caned  extra  sections  are  employed  to  move  the  cargo. 
Use  of  the  proposed  mathematical  model  may  occasslonally  eliminate  the 
need  for  extra  sections,  saving  the  direct  costs  of  fuel,  contractor 
payments,  and  landing  fees.  These  annual  operating  costs  for  the  entire 
LOGAIR  system  are  presently  about  $100  million  per  year.  Eliminating, 
for  example,  a  2000  mile  flight  which  costs  $7.5/m1  to  operate  would  save 
$15,000  In  operating  costs. 


VI.  OTHER  CONTRIBUTIONS 

In  addition  to  researching  a  cargo  allocation  siodel  formulation,  the 
authors  also  presented  several  technical  reports  discussing  alternative 
approach  to  problem  of  1 mediate  concern  for  AFLC  personnel. 

One  report  suggests  Improvements  to  the  Logistics  Management  Institute 
(LM1)  Aircraft  Availability  Model  used  by  AFLC/XRS.  This  report 
recosmnds  several  computational  techniques  which  can  potentially 
decrease  run-times  of  the  model  by  taking  advantage  of  structure 
occurring  naturally  In  the  data  and  by  replacing  a  sequential  search  by  a 
binary  search. 

A  second  report  discusses  a  program  designed  and  coded  this  summer.  The 
purpose  of  the  program  was  to  compare  two  files  created  by  the  same  model 
on  two  separate  computer  systems  to  see  If  both  files  contain  Identical 
data.  A  copy  of  the  program  along  with  appropriate  documentation  was 
submitted  to  AFLC  personnel  for  review. 

A  third  report  proposed  a  generalized  network  model  to  simulate  how 
aircraft  availability  relates  to  maintenance,  distribution  and 
procurement  systems.  A  scaled-down  model  was  presented  to  appropriate 
AFLC  personnel  along  with  a  description  of  how  this  approach  might  be 
applied  on  a  larger  scale. 

A  final  report  addressed  the  Air  Force  Program  Objective  Memorandum  (POM) 
assessment.  The  POM  Involves  the  need  to  relate  the  funding  of  different 
categories  of  support  to  warfare  capability  of  specific  weapons  systems. 
The  approach  suggested  In  this  report  modeled.  In  a  macro  way,  how 
various  support  activities  result  In  levels  of  weapons  systems,  and  the 
way  levels  of  weapon  systems  combine  to  result  In  general  wartime 
capability.  The  technique  used  was  the  analytic  hierarchy  process 
developed  primarily  by  Thomas  .Saaty  (Saaty,  1982). 

The  suggestions  made  In  the  first  two  reports  will  likely  be  Implemented. 
The  latter  two  reports  were  presented  to  help  AFLC  personnel  maintain  an 
awareness  of  techniques  In  the  forefront  of  current  research.  Copies  of 
these  reports  may  be  obtained  from  HQ  AFLC/XRS. 
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ENHANCED  HEATING  IN  TURBULENT 
BOUNDART  LAYERS  INFLUENCED  BY  FREE  STREAM  TURBULENCE 

by 

Paavo  Stpri  and  Jon  L.  Ebert 
ABSTRACT 

A  preliminary  phenomenological  computational  model  has  been  formulated 
and  Implemented  for  the  purpose  of  predicting  Increased  heating  In  boundary 
layer  environments  which  are  Influenced  by  free  stream  turbulence.  The 
model  has  been  constructed  primarily  by  scrutiny  of  recently  published 
extensive  flow  measurements  over  heated  flat  plates,  and  It  Is  also 
supported  partially  by  analytical  considerations.  The  mixing  length  model 
existing  In  the  code  STANCOOL  has  been  modified  to  Incorporate  these  free 
stream  turbulence  effects.  The  comparisons  between  measurements  and 
calculations  generally  show  Improvement,  but  certain  discrepancies  are 
noted  which  require  further  Investigation.  An  apparently  novel 
observation  Is  made  concerning  the  structure  of  much  of  the  outer  region  of 
a  turbulent  boundary  layer  In  the  presence  of  higher  levels  of  free  stream 
turbulence.  Several  variables  follow  a  simple  exponential  character  which 
may  be  of  fundamental  Importance.  This  observation  Is  used  to  lend 
credence  to  the  coaputatlonal  model,  but  It  also  raises  an  apparent  dilemma 
Involving  the  energy  equation.  A  central  role  In  these  calculations  Is 
played  by  the  turbulent  Prandtl  number  profile,  the  modeling  of  which 
determines  quantitatively  the  heating  of  a  surface.  Comments  are  offered 
In  connection  with  possible  channel  flow  effects  on  measurements  of  Prt 
which  Indicate  large  decreases  towards  the  free  stream. 
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I.  INTRODUCTION 


In  the  design  of  modern  turbines  It  Is  becoming  Increasingly  important 
to  have  a  computational  tool  which  can  predict  blade  heating  environments 
accurately  and  cost-effectively.  The  subject  is  sensitive  owing  to 
conflicting  requirements;  namely.  Improved  engine  performance  is  connected 
with  increased  gas  temperature,  whereas  increased  blade  lifetime  requires  a 
lowered  blade  temperature.  Since  a  blade  typically  operates  near  its 
structural  limit,  it  is  estimated  that  a  decrease  of  only  30°  F  could 
double  its  lifetime*.  Current  methods  of  blade  cooling,  such  as 
transpiration  and/or  internal  flow,  are  also  limited  by  their  adverse 
effects  on  overall  engine  efficiency.  Coolant  flow  rates  are  essentially 
limited  by  the  allowable  pressure  differential  along  the  passages.  In  view 
of  these  restrictions  in  design,  it  Is  Important  to  have  accurate  means  of 
calculating  the  associated  blade  heat  transfers. 

Any  attempt  to  calculate  the  flow  environment  around  the  blades  Is 
hindered  by  the  compounded  complexity  of  the  actua1  case,  and  also  by  the 
fact  that  turbulence  remains  an  unsolved  problem  In  general.  Therefore, 
for  this  short  Investigation,  an  attempt  is  made  to  focus  on  a  simplified 
problem,  which  retains  some  of  the  essential  phenomena  of  the  actual 
problem.  The  Investigation  Is  thus  restricted  to  turbulent  flow  over  a  2D 
flat  plate  which  Is  heated  so  as  to  yield  heat  flux  Information.  This 
restriction  Is  particularly  relevant  from  the  computational  viewpoint, 
owing  to  the  recent  publication  of  extensive  experimental  results  for  this 
case  by  Blair**®. 

One  of  the  important  effects,  which  Influence  heat  transfer  to  a 
surface.  Is  the  presence  of  free  stream  turbulence  (FST)  external  to  the 
boundary  layer.  Although  this  subject  has  received  considerable  attention 


in  the  past9"*®*  there  appear  to  be  conflicting  claims**  and  an  incomplete 
understanding,  especially  for  the  regime  of  higher  FST  levels  encountered 
by  turbine  blades.  It  has  been  one  of  the  goals  of  the  recent  investiga¬ 
tions  by  Blair^,  Bradshaw**,  and  Hancock*®  to  clarify  experimental 1y  the 
extent  of  augmented  heating  in  the  presence  of  increased  FST. 

In  an  investigation  prior  to  the  present  one,  MacArthur*  has  applied 
a  recent  version  of  the  widely  used  code  STAN5*7  to  assess  the  extent  of 
predictability  of  FST  effects  in  turbulent  heating,  as  compared  with  the 
measurements  of  Blair.  The  results  were  mixed:  although  some  cases  agreed 
well,  and  several  trends  were  generally  followed,  it  was  apparent  that  the 
code  neither  reliably  nor  accurately  predicted  the  location  and  extent  of 
transition  nor  the  observed  increase  in  heating  in  a  fully  turbulent 
boundary  layer  modified  by  increased  FST  levels.  This  code,  named 
STANCOOL,  has  several  model  options  for  calculating  transition  and  also  the 
structure  of  a  turbulent  boundary  layer.  Although  one  might  have  expected 
the  inclusion  of  a  turbulence  kinetic  energy  equation  into  the  model  to 
have  produced  better  results  than  the  simpler  mixing  length  model,  both 
calculations  agreed  with  each  other  better  than  with  the  data  in  several 
cases.  These  results  have  pointed  to  the  need  for  improved  computational 
capabi 1 ity . 

The  present  investigation  is  meant  to  be  in  continuation  of  the  effort 
by  MacArthur,  with  the  overall  aim  of  understanding  the  effect  of  FST  in 
the  augmentation  of  turbulent  heat  transfer.  This  investigation  focuses  on 
the  case  of  turbulent  flow  over  a  flat  plate  and  the  method  of  modifying 
STANCOOL  so  as  to  produce  better  agreement  with  the  recent  measurements  by 


II.  OBJECTIVES 


It  is  appropriate  to  make  a  distinction  between  two  types  of 
objectives:  long  range  and  immediate.  Clearly,  the  long  range  objectives 
are  beyond  the  scope  of  the  present  investigation  because  the  actual 
problems  of  interest  are  exceedingly  complex,  with  various  aspects  having 
been  subjected  to  considerable  attention  for  several  decades.  Nevertheless 
for  the  sake  of  perspective,  one  might  nominate  two  long  range  objectives. 
The  practical  objective  involves  the  attainment  of  a  computational 
capability  which  predicts  heating  and  flow  conditions  in  the  real  turbine 
blade  environment  both  accurately  and  cost-effectively.  An  objective  from 
the  more  philosophical  viewpoint,  but  with  practical  consequences,  is  the 
increased  understanding  of  the  mechanisms  and  structure  of  turbulent  shear 
flows. 

For  the  present  investigation  the  immediate  objectives  are  restricted 
to  the  following: 

(1)  To  achieve  a  working  understanding  of  the  existing  code,  STANCOOL, 
which  is  meant  to  calculate  boundary  layer  development  and  heating 
in  flow  situations  similar  to  those  in  turbine  blade  environments. 

(2)  To  become  familiar  with  literature  pertaining  to  the  effects  of  free 
stream  turbulence  on  heating  augmentation,  in  particular  the  recent 
extensive  experimental  works  by  Blair. 

(3)  To  formulate  a  preliminary  turbulence  model  which  incorporates  the 
effects  of  FST  into  STANCOOL  in  an  Improved  fashion. 

(4)  To  compare  results  of  the  modified  code  with  Blair's  data. 

(5)  To  recommend  continued  investigations  in  light  of  the  present 
findings. 

By  means  of  these  fundamental  Investigations,  it  is  anticipated  that 


more  accurate  and  reliable  codes  will  eventually  be  at  hand. 

III.  PROBLEM  DESCRIPTION 

In  order  to  meet  the  objectives  listed  In  the  previous  section,  the 
method  of  attack  has  consisted  of  four  phases.  First,  Blair's  data  have 
been  logged  into  computer  storage  for  the  purposes  of  plotting,  scrutiny, 
and  eventual  comparison  with  cooputations.  Second,  detai led.  prof i le  data 
have  been  compared  with  corresponding  profiles  obtained  from  STANCOOL, 
utilizing  the  mixing  length  model  for  computations.  These  comparisons  have 
revealed  possible  causes  for  the  earlier  discrepancies1  noted  for  Stanton 
number,  which  may  be  viewed  as  an  Integrated  effect.  Third,  a  modification 
of  the  turbulence  model  Is  being  proposed  on  the  basis  of  these  comparisons 
and  on  the  basis  of  earlier  observations  by  Miyazaki  and  Sparrow9  and  Belov 
et  al.10.  Last,  a  comparison  Is  made  between  Blair's  data  and  the  results 
of  the  new  model. 

A  full  description  of  the  configuration  and  the  physical  parameters  Is 
given  In  Blair's  reports2*8,  and  earlier  computations  using  STANCOOL  have 
been  described  by  MacArthur1.  The  latest  documentation  available  for  the 
use  of  STANCOOL  Is  given  In  Reference  17.  Briefly,  the  measurements  were 
made  In  a  recirculating  wind  tunnel  over  a  heated  flat  plate  with  a  mean 
external  velocity  of  100  ft/sec.  Typical  mean  temperature  differences 
between  the  wall  and  the  free  stream  were  In  the  range  10°F  to  40°F.  The 
free  stream  turbulence  level  was  varied  by  means  of  Insertion  of  5 
different  grid  configurations  upstream  of  the  tunnel  contraction  section. 
The  streamwlse  decay  of  FST  Intensity  was  In  accord  with  those  of  previous 
grid  generated  experiments,  and  the  Intensity  ranged  approximately  from 
0.25%  to  7%.  Measurements  Included  wall  temperature  distributions,  wall 
heat  fluxes,  profiles  of  mean  velocity  and  mean  temperature,  and  profiles 


of  various  turbulence  correlations  at  selected  downstream  locations. 

In  Figure  1  are  Illustrated  the  variations  of  Stanton  number  and  skin 
friction  coefficient  with  changes  In  Reynolds  number  and  FST  parametrical¬ 
ly.  FST  Is  seen  to  Influence  the  results  In  two  ways:  (1)  the  location  of 
transition  moves  upstream  dramatically  with  Increasing  FST,  and  (2)  both  S( 
and  Cf  Increase  In  the  fully  turbulent  boundary  layer  as  FST  Increases. 

In  fact,  the  results  have  shown4  that  the  Reynolds  analogy  factor,  2St/Cf, 
Increases  with  FST,  Indicating  that  the  heating  Is  proportionately  more 
sensitive  to  FST  than  Is  the  skin  friction  coefficient.  This  observation 
Is  particularly  Important  for  turbine  blade  cases  because  these  may  occur 
at  higher  levels  of  FST  (perhaps  20%)  than  have  been  measured  In  simula¬ 
tions.  Blair's  data  for  St  are  more  extensive  and  exhibit  less  scatter 
than  those  for  Cf.  Therefore,  the  St  data  provide  a  better  basis  for 
comparison  with  computations.  The  solid  lines  In  Figure  1  represent 
results  from  STANCOOL  utilizing  the  pre-existing  mixing  length  model.  The 
predictions  of  transition  location  are  not  adequate,  although  It  Is 
Important  to  note4  that  the  experimental  transition  for  grid  configuration 
0  (least  FST)  was  prematurely  effected  Ming  to  30  corner  flM  effects,  and 
that  the  extreme  mismatch  with  calculations  In  this  case  should  be 
discounted.  Since  the  pre-existing  mixing  length  model  provides  no 
mechanism  for  FST  effects,  the  Increase  of  St  and  Cf  In  the  fully  turbulent 
region  Is  clearly  not  follMed  by  the  computations.  During  the  ten  week 
summer  period  of  Investigation,  the  focus  has  been  restricted  to  the 
structure  of  the  fully  turbulent  boundary  layer. 

Since  St  and  Cf  are  evaluated  at  the  solid  boundary  only,  they  possi¬ 
bly  represent  symptoms  of  more  pervasive  phenomena  occurlng  throughout  the 
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boundary  layer  structure.  In  an  effort  to  Improve  the  understanding  of 
underlying  causes,  a  comparison  of  mean  profiles  was  made.  In  Figure  2  are 
sample  comparisons  between  computed  and  measured  mean  profiles  at  down¬ 
stream  location  x  »  84  In.  with  grid  configuration  4  (greatest  FST).  For 
this  extreme  case  It  Is  evident  that  the  existing  mixing  length  model  does 
not  match  the  u  profile  In  the  center  of  the  boundary  layer,  although  the 
match  near  the  wall  appers  to  be  better.  However,  the  wall  region  Is 
better  shown  In  a  logarithmic  format  since  the  variations  there  are 
extremely  rapid.  Similar  comparisons  of  u  In  cases  of  weaker  FST  show  much 
better  agreement.  Indicating  that  FST  has  a  marked  effect  on  boundary  layer 
structure. 

Lastly,  In  the  comparison  of  profiles.  It  Is  Important  to  Illustrate 
the  effect  of  FST  on  the  Reynolds  stress  term  u'v',  and  on  the  turbulent 
heat  transfer  term,  v't' .  These  terms  need  to  be  modeled  correctly,  so 
that  the  ensuing  computations  of  u^  and  T  produce  the  correct  results  for 
skin  friction  and  wall  heating  respectively.  In  Figure  2  It  Is  seen  that 
the  mixing  length  hypothesis  does  not  produce  an  adequate  characterization 
of  the  Reynolds  stress  profile.  In  fact,  the  mismatch  becomes  worse  as  the 
FST  Increases.  The  experiments  clearly  Indicate  that  values  for  u'v'  and 
v'T  are  Increased  towards  the  boundary  layer  edge  and  are  decreased 
towards  the  wall  In  comparison  to  the  model.  Later  results  herein  will 
show  that  the  characteristics  of  turbulence  decay  Into  the  free  stream  are 
severely  altered  by  the  presence  of  FST. 

The  avenue  for  an  Improved  computation  scheme  then  becomes  more 
apparent.  FST  effects  need  to  be  accurately  Incorporated  Into  the  u'v' 
and  V'T'  descriptions.  Subsequent  computations  of  u,  T,  St  and  Cf  should 
then  reflect  better  matches  with  the  corresponding  data.  This  point  should 
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be  valid  regardless  of  the  complexity  of  the  computational  method,  such  as 
Inclusion  of  higher  order  turbulence  equations.  An  Improvement  in  terms  of 
a  modified  mixing  length  model  Is  attempted  In  the  next  section. 

IV.  MODELING  OF  FREE  STREAM  TURBULENCE 

A  rational  and  consistent  model  for  u'v'  and  v' V  is  difficult  to 
construct.  Every  model  based  on  the  equations  of  motion,  regardless  of 
complexity,  requires  a  set  of  closure  assumptions.  In  past  investigations 
it  has  occurred  that  even  the  most  refined  and  time  consuming  approaches 
have  lead  to  results  that  have  failed  to  produce  improved  predictions.  The 
approach  taken  here  has  been  to  scrutinize  Blair's  data  in  order  to 
appreciate  the  actual  effects  of  FST,  and  then  to  formulate  a  simple  model 
which  contains  the  observed  effects.  By  variations  of  the  model 
parameters.  Important  Interplays  in  the  equations  of  motion  are 
highlighted,  thereby  Indicating  directions  for  continued  and  more  accurate 
modeling. 

The  Initial  observation  has  been  that  the  mixing  length  model  fails  to 
capture  the  essence  of  Coles'  wake  region*8  as  the  FST  increases. 
Furthermore,  as  Is  evident  from  Figure  2,  the  turbulence  structure  extends 
Into  the  free  stream  far  beyond  the  usual  definition  of  the  boundary  layer 
edge,  «.  This  observation  has  also  been  made  in  References  19-22.  How¬ 
ever  the  extent  to  which  the  outer  structure  Influences  the  wall  region  Is 
not  clear,  and  needs  to  be  assessed.  In  studying  the  effect  of  FST  on 
heating  at  the  stagnation  point  of  a  cylinder,  Miyazaki  and  Sparrow9  pro¬ 
posed  the  following  extentlon  to  the  mixing  length  model: 

-u-v-  »  t2  ifylfy  ♦  AtueIe({->f7  '  “'e^e 


(1) 


where  the  first  term  on  the  right  Is  the  usual  mixing  length  model 9  and  the 
second  two  terms  represent  the  additional  effects  of  FST.  Here,  Ie  is  the 
turbulence  intensity  external  to  the  boundary  layer.  The  coefficient.  A, 
is  the  sole  parameter  that  may  be  adjusted  to  match  data.  Miyazaki  and 
Sparrow  claim  that  the  inspiration  for  their  model  originated  from  the 
experimental  work  of  Belov  et  al.10,  who  observed  that  the  r.m.s.  fluctua¬ 
tion  profile  in  the  absence  of  FST  was  augumented  in  a  linear  fashion  by 
the  presence  of  FST. 

Equation  (1)  appeared  to  be  a  reasonable  starting  point  for  the 
present  investigation,  especially  since  the  measurements  of  Belov  et  al. 
were  conducted  over  a  flat  plate,  and  also  because  the  modification  of 
STANCOOl  would  be  particularly  simple.  The  mixing  length  model  was  changed 
to: 

-u'v'  -  c„  |H-  (2) 

where  cM  ■  t2  ||y|  ♦  Atue  Ie  (y/6 ) 

This  change  in  the  code  produced  a  significant,  but  limited,  improve¬ 
ment.  Now,  several  correct  trends  were  introduced  which  were  absent 
earlier:  S^  and  Cf  increased  with  Ie;  the  u  and  T  profiles  became  fuller 
and  matched  Blair's  data  better;  and  the  u'v'  and  v'T'  profiles  extended 
into  the  free  stream  at  an  improved  rate.  However,  inconsistencies  also 
appeared.  With  only  one  free  parameter.  A,  it  was  not  possible  to  match 
the  variety  of  comparisons  simultaneously.  In  particular: 

(1)  With  a  good  u'v"  match,  the  u  comparison  with  data  was  noticeably 
inadequate,  although  improved  over  the  previous  model;  and 
vice-versa. 


(2)  The  St  and  Cf  predictions  required  different  values  for  A  than  did  the 
mean  profiles. 

(3)  The  slope  of  St  and  Cf  vs.  Rex  did  not  agree  with  the  data  for  a 
constant  value  for  A. 

In  an  attempt  to  improve  the  Miyazaki  and  Sparrow  model.  Blair's 
data  were  replotted  in  several  variations,  one  of  which  was  a 
semi  logarithmic  version  of  the  velocity  defect,  as  exemplified  in  Figure  3. 
It  is  striking  that  the  mean  velocity  defect  appears  to  be  well 
characterized  by  an  exponential  behavior  for  approximately  the  outer  80%  of 
the  boundary  layer.  Since  this  observation  appears  to  be  new  in  the 
literature,  and  since  profound  deductions  might  be  connected  with  it,  the 
issue  was  pursued  further.  The  present  conclusions  are  summarized  as 
follows: 

(1)  The  exponential  character  does  not  occur  for  lower  levels  of  FST  (< 3%) 
as  seen  from  Blair's  data,  In  which  cases  the  free  stream  levels  are 
approached  more  rapidly. 

(2)  It  is  suspected  that  the  exponential  character  is  approached  as  a 
limiting  form  for  sufficiently  high  FST  (>4%  here),  and  that  this  form 
may  hold  for  all  higher  levels  of  FST. 

(3)  The  mean  temperature  behavior  has  an  exponential  character  which 
appears  Identical  to  that  of  the  mean  velocity. 

(4)  A  short  distance  downstream  of  the  leading  edge  ("2  ft),  the  velocity 
and  temperature  profiles  become  self -preserving  to  an  excellent 
degree,  as  described  by  the  subsequent  equations. 

(5)  The  v>T"  profile  also  has  a  limiting  exponential  character  as  seen  In 
Figure  3.  However,  the  corresponding  u'v"  profile  appears  not  to  have 
such  a  form,  either  owing  to  experimental  scatter  or  to  a  fundamental 


difference  in  its  nature.  It  is  extremely  interesting  to  note  that 
the  exponential  decay  rate  of  'v7TT  appears  to  be  exactly  one  half  of 
the  corresponding  rates  for  T  and  U.  This  point  Mill  resurface  in 
what  follows. 

Given  the  observed  exponential  character  of  the  outer  region,  it  is 
possible  to  utilize  the  mean  fluids  equations  to  deduce  explicit  functional 
forms  for  u'v'  and  v" as  applicable.  The  argument  is  summarized  as 
follows: 

(1)  From  experimental  observation: 

jj;  -  1  -  ?  exP^  6  1  ;  T^fe  a  ?  expC_a  y/s]  (3) 

where  a,  s  2  /TIT 

(2)  From  the  ideal  gas  equation  (p*  2  constant): 

-  1  +  [!**  -  1]  [VT3  y/4]  (4) 

p  'e  /TO 


(3)  By  integration  of  the  conservation  of  mass  equation: 

pv rl  Tw  i  d«  /.  *  _  yn  6exp[-/TUy/6] 

5F?  *  -  CTe  W  +  T;  I  lx  (1  +  ™  6)]  "TO  (5) 


(4)  By  integration  of  the  momentum  equation: 

/£  v  u*v*  ,  ,  v  iu/u9  .  rl  .  1  d«  / 

"(p‘e)  rr  *  {c<x>  wnr +  *  ts  27  ( 

e 

(5)  By  integration  of  the  energy  equation: 

-(§£•)  ■  {AT(x)+yBT{x))exp[-/TIT  y/«] 


3u/ue 
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(7) 


♦  higher  order  exponentials 


Several  observations  are  made  concerning  these  equations.  First,  the 

form  obtained  for  ii'v'  in  Equation  (6)  Is  strikingly  similar  to  the 

Miyazaki  and  Sparrow  model  given  in  Equation  (2),  and  therefore  this  model 

appears  to  have  further  support.  It  should  be  emphasized  that  Equation  (6) 

is  not  meant  to  be  applicable  in  the  wall  region  in  which  the  exponential 

behavior  is  not  observed.  However,  the  term  which  includes  the 

coefficient,  c(x),  is  very  similar  in  form  to  the  usual  mixing  length 

hypothesis.  This  leads  to  the  speculation  that  FST  may  influence  the  wall 

region  directly  through  this  non-linear  term.  Second,  there  are  two 

additional  terms  appearing  in  Equation  (6)  which  do  not  appear  in  the 

-1 

earlier  model.  In  comparison  to  the  other  terms,  Re$  is  negligible  for  the 
fully  turbulent  boundary  layer,  and  it  is  therefore  discarded  below.  The 
constant  term  is  comparable  to  ^he  y/6  term  and  is  therefore  retained 
below.  Third,  the  coefficient  of  the  y/6  term  explicitly  depends  on  x, 
whereas  in  the  initial  model  based  on  Equation  (2)  the  factor.  A,  was 
considered  to  be  constant. 

The  deduction  following  from  the  energy  equation  leads  to  a  note¬ 
worthy  dilemma.  For  the  high  FST  cases  the  experimental  results  for  v'T' 
consistently  follow  the  form  shown  In  Figure  3,  In  which  the  decay  rate  is 
one  half  that  of  the  mean  velocity  and  mean  temperture.  However,  these 
assumptions  lead  to  Equation  (7),  which  Indicates  that  the  slowest  decay  is 
Identical  to  that  of  u  and  T,  not  the  half  power.  Furthermore,  the  appear¬ 
ance  of  the  y/6  factor  In  Equation  (7)  suggests  that  the  semi  logarithmic 
plot  should  not  yield  a  straight  line.  In  contradiction  to  experimental 
observation.  Such  a  mismatch  In  form  cannot  be  reconciled  by  adjusting  the 
magnitudes  of  the  coefficients;  and  therefore,  there  appears  to  be  a  funda¬ 
mental  inconsistency,  which  ma«  have  profound  consequences.  It  is 
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STANCOOL.  In  STANCOOL  the  turbulence  effect  on  heating  Is  modeled  directly 
through  Pr*,  and  use  of  any  other  method  would  require  extensive 
alterations  of  the  code.  In  the  spirit  of  the  Reynolds  analogy.  It  Is 
assumed  that  the  forms  of  u'v'  and  v'T'  are  similar,  and  this  leads  to  the 
ratio  expressed  In  Equation  (9).  The  added  modifications  are  Introduced 
primarily  In  an  effort  to  fit  Blair's  measurements  of  Prt.  The  exponential 
factor  Is  added  in  compensation  for  the  observed  decay  rate  of  v“T'  and 
also  to  produce  the  large  decrease  of  Prt  with  Increasing  y  that  has  been 
observed  by  several  Investigators  The  constant,  a.  Is  Included  In 

an  effort  to  vary  Prt  In  the  near  wall  region,  and  the  constants  C),  Cj,  C3 
are  chosen  to  match  the  observed  increase  of  Prt  with  increasing  Ie. 

V.  RESULTS 

It  Is  shown  in  this  section  that  typical  computations  utilizing  the 
model  described  by  Equations  (8)  and  (9)  can  produce  results  which  are  in 
better  agreement  with  Blair's  data  than  was  the  case  with  the  original 


STANCOOL  options.  However,  it  Is  not  claimed  that  the  new  model  Is  free  of 
inconsistencies,  nor  that  It  may  be  used  with  confidence  in  extrapolation 
to  other  flow  regimes.  The  model  Is  intended  to  highlight  some  of  the  new 
observations  concerning  te  effects  of  FST,  and  also  to  be  a  vehicle  for 
continued  Improvements. 

Figures  4,  5,  and  6  are  Intended  to  parallel  the  earlier  discussions, 
with  the  Inclusion  of  the  results  of  the  latest  computations.  In  Figure  4 
the  computed  boundary  layer  has  been  forced  to  undergo  transition  near  the 
experimentally  observed  locations,  with  the  objective  of  removing  this 
added  uncertainty  from  the  comparisons.  In  contrast  to  Figure  1,  the 
Stanton  number  now  Increases  In  the  turbulent  boundary  layer  as  the  FST 
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analogy  factor,  2S(/Cf,  with  changes  in  Rex  and  FST.  At  several  downstream 
stations  the  scatter  in  the  data  provides  an  indication  of  three 
dimensional  flow  effects,  since  these  differences  arise  from  variations  in 
spanwise  location.4  Nevertheless,  as  the  FST  increases  from  0.25%  to  5%, 
it  appears  that  ZS^/Cf  Increases  from  1.15  to  1.25  approximately.  The 
present  Prt  model  is  seen  to  yield  a  computational  result  that  is  similar 
qualitatively.  It  should  be  noted  that  the  laminar  computation  of  the 
Reynolds  analogy  factor  is  high  owing  to  the  experimental  staggering  of 
heating  onset  with  respect  to  the  leading  edge4. 

In  Figure  5  is  exhibited  an  Improved  overall  calculation  of  u  as 
compared  with  Figure  2.  By  further  adjustment  of  the  parameters  it  is 
possible  to  decrease  the  mismatch  near  the  wall.  A  similar  improvement 
occurs  for  T.  However  acceptable  this  plot  may  seem  in  the  wake  region,  a 
detailed  scrutiny  in  semi  logarithmic  form  reveals  that  the  measured 
exponential  decay  of  the  corresponding  deficits  (cf.  Figure  3)  is  not 
reproduced  by  the  computations.  Therefore,  a  fundamentally  correct  nature 
is  absent  from  the  modeling.  However,  this  difference  may  be  important 
only  in  principle.  Further  comparisons  of  velocity  profiles  are  shown 
in  law  of  the  wall  coordinates  In  the  lower  half  of  Figure  5.  There  is  an 
important  mismatch  in  the  logarithmic  region  between  the  computations  and 
the  data,  and  this  corresponds  to  the  mismatch  in  the  upper  half  of  the 
figure.  Although  further  adjustments  of  the  parameters  could  decrease  the 
mismatch.  It  Is  clear  that  further  Investigation  Is  required.  It  is  seen 
that  an  Increase  of  FST  has  a  pronounced  effect  in  decreasing  Coles'  wake 
regl onl8. 

Another  deficiency  Is  revealed  in  Figure  6  in  regard  to  the  v'T' 
comparison.  In  spite  of  the  fact  that  St  and  T  have  been  well  calculated 
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Igure  5:  Velocity  profile  comparisons  with  new  mixing  length 


(in  comparison),  the  corresponding  calculation  for  v't'  has  not  matched  the 
data,  although  a  correct  trend  has  been  established  with  increasing  FST. 
None  of  the  parametric  variations  in  the  modeling  seem  to  have  produced 
the  exponential  character  of  the  measured  v'T',  and  this  issue  remains 
perplexing. 

Lastly,  in  Figure  6,  the  comparisons  of  Prt  are  shown.  The  main 

observations  are  that  the  near  wall  modeling  Influences  S(,  whereas  the 

bulk  of  the  Prt  shape  Influences  the  T  profile  only  slightly  in  the  wake 

region.  During  scrutiny  of  Blair’s  data,  it  was  noticed  that  outside 

of  the  boundary  layer  Prt  passed  through  zero  and  became  negative  in  some 

cases.  Since  the  downward  trends  were  too  consistent  to  be  attributed  to 

experimental  scatter,  an  explanation  was  sought.  It  was  already  noted 

earlier  that  the  turbulence  clearly  extends  beyond  the  usual  boundary 

layer  edge.  In  fact,  towards  the  most  downstream  stations  of  measurement, 

the  data  Indicate  that  the  structure  Is  still  non-uniform  even  at  the 

channel  centerline,  whereas  the  boundary  layer  thickness  is  roughly  of  half 

that  length.  Therefore,  it  is  very  likely  that  channel  flow  effects  have 

influenced  the  Prt  measurements.  Since  only  the  upper  wall  is  heated,  the 

v'T'  profile  has  the  same  sign  throughout  the  channel  height,  while  u'v' 

must  change  sign  near  the  tunnel  centerline  by  symmetry.  Since  the  upper 

and  lower  boundary  layers  are  not  matched  in  thickness,  it  is  probable  that 
9  u 

u'v'  and  —have  zero  crossings  at  different  y  locations,  thereby  invali- 
®y 

dating  the  usual  mixing  length  approach.  Such  circumstances  could  lead  to 
negative  values  for  Prt.  It  Is  therefore  conjectured  that  true  boundary 
layer  measurements,  uncontaminated  by  channel  effects,  would  not  contain 
such  large  decreases  In  Pr^  In  the  wake  region  as  were  observed  here.  It 
would  be  of  Interest  to  reconsider  previous  Prt  measurements  (and  the  wide 
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scatter  in  results)  more  systematically  in  light  of  this  channel  flow 
observation.  A  further  question  arises  as  to  which  case  is  closer  to  the 
actual  turbine  blade  situation.  These  issues  remain  for  continued 
investigation. 

VI.  SUMMARY  OF  ACCOMPLISHMENTS 

(1)  A  working  knowledge  of  the  code  STANCOOL  has  been  attained. 

(2)  An  extension  of  the  Miyazaki  and  Sparrow  model  for  FST  effects  has 
been  incorporated  into  STANCOOL. 

(3)  The  extensive  measurements  of  Blair  have  been  studied  and  compared 
with  sample  calculations  using  the  modified  code.  Results  have  shown 
a  significant  improvement,  but  several  discrepancies  have  been 
identified. 

(4)  A  fundamental  exponential  behavior  in  the  wake  region  of  a  turbulent 
boundary  layer  for  cases  of  high  FST  has  been  noted,  apparently  for 
the  first  time. 

(5)  An  explanation  is  proposed  for  the  observed  large  drop  in  Prt  in  the 
wake  region.  It  is  conjectured  that  this  behavior  is  symptomatic  of 
channel  flow  effects  in  such  experiments. 

(6)  Deductions  from  the  observed  exponential  behavior  reveal  a  logical 
dilemma  concerning  the  energy  equation.  This  dilemma  may  be  of 
fundamental  importance  and  requires  further  Investigation. 

VII.  RECOMMENDATIONS: 

Several  Issues  require  further  Investigation  experimentally, 
theoretically  and  computationally.  In  order  of  increasing  difficulty  in 
each  category  these  are: 


Experimental 

(1)  Exploration  of  the  outer  boundary  layer  with  hot  wires  for  cases  of 
higher  FST  to  determine  the  extent  of  the  exponential  character  noted 
for  the  first  time  herein. 

(2)  Measurements  of  Pr^  designed  to  assess  the  extent  of  channel  flow 
influence  on  this  variable. 

(3)  Variation  of  FST  scale  size. 

(4)  Measurements  In  thicker  boundary  layers  to  determine  heat  transfer  and 
the  damping  factor  very  close  to  the  surface. 

(5)  Experiments  to  Include  measured  density  fluctuations  In  environments 
of  higher  levels  of  FST. 

Theoretical 

(1)  Further  deductions  concerning  the  exponential  wake  region. 

(2)  Formulation  of  an  FST  model  which  Includes  the  Influence  of  scale 
sizes  and  phase  lags  throughout  the  boundary  layer. 

(3)  Further  refinements  to  the  theory  of  transition  onset  and  extent  In 
the  presence  of  FST. 

(4)  Resolution  of  the  observed  heat  transfer  dlleima  Involving  the  energy 
equation.  Assessment  and  Inclusion  of  additional  correlation  terms 
Involving  density  and  perhaps  pressure  fluctuations. 

Computational 

(1)  Continuation  of  the  present  modeling.  Inclusion  of  further  data 
comparisons. 


(2)  Extension  of  the  current  modeling  to  Include  the  TKE  equation  and 
higher  order  equations. 


(3)  Further  modeling  of  FST  effects  on  transition. 

(4)  Calculations  including  pressure  gradient  and  non-equilibrium  cases 
Extensions  to  higher  FST  calculations. 
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abstract 

This  report  dieousees  the  results  of  a  first  stage  in 
computer  modelling  of  a  three  dimensional  multiple  turbine 
disk  forging  using  the  two  dimensional  finite  element  code 
ALP ID  (Analysis  of  Large  Plastio  Incremental  Deformation). 
Contained  is  a  brief  mathematical  overview  of  the  theory 
behind  ALP ID  and  the  results  of  a  pseudo- symmetric  plane 
of  the  forging.  The  direction  of  further  work  is  suggested 
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The  simulation  of  complex  forging  geometries  is  val¬ 
uable  in  many  aspects.  Usually  the  die  geometry  is  deter¬ 
mined  from  the  finished  part  specifications  and  can't  be 
altered  significantly.  On  the  other  hand  the  forging  pre¬ 
form  may  be  changed  to  accommodate  the  desired  stress 
field,  effective  strain  history,  and  developed  strain  rate 
effects  in  the  final  forged  part.  By  simulating  a  forging 
process  using  various  preforms  and  die  velocities  an 
indication  of  the  behavior  of  material  flow,  internal 
stresses,  die  forces  required,  along  with  other  parameters 
may  be  found.  More  importantly  the  cost  of  physical  modell¬ 
ing  using  different  preforms  is  greatly  reduced  by  narrowing 
the  number  of  preform  candidates  to  those  who  yield  accept¬ 


able  results  from  the  computer  simulation. 

Additionally  the  cost  of  performing  three  dimensional 
computer  simulations  as  well  as  the  complexity  involved 


with  their  formulation  is  at  present  prohibitive.  It  is 
therefore  beneficial  to  look  at  various  areas  or  symmetric 
planes  of  the  forging  and  model  them  in  a  two  dimensional 
sense.  Prom  this  an  approximation  to  the  three  dimensional 
simulation  is  obtained.  Using  ALPID  in  this  manner  provides 
a  rough  approximation  of  material  behavior  within  the 
forging. 
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The  main  objective  of  .this  project  was  to  develop 
using  ALPID  a  forging  process  for  the  manufacture  of  a 
multiple  (seven)  turbine  disk  forging  in  a  single  iso¬ 
thermal  operation.  Emphasis  is  placed  on  property/mi cro- 
structure  control  and  material  conservation  through  near 
net  shape  design. 

The  two  dimensional  code  ALPID  was  to  be  used  in  an 
attempt  to  simulate  this  inherently  three  dimensional 
forging. 


The  velocity  field  which  satisfies  the  functional 
statement  is  that  which  satisfies  the  following  discrete 
system  of  equations. 


N  is  the  ntunber  of  nodal  points  and  p  is  the  number  of 
degrees  of  freedom  per  node.  Due  to  the  inherent  non¬ 
linearity  from  work  hardening  in  plastic  flow  the  system 
of  equations  is  solved  using  a  standard  Newton-Raphson 
iterative  technique.  Convergence  requirements  are  placed 
on  the  imbalanced  force  vector  as  well  as  on  the  velocity 
solution  vector. 

For  a  complete  development  of  ALPID  theory  as  well 
as  matrix  formulation  see  reference  (2). 

In  using  two  dimensional  ALPID  one  generates  a  mesh 
describing  the  workpiece  under  axisymmetric  or  plane 
strain  loading  conditions.  Care  must  be  taken  in  ensuring 
that  areas  of  high  stress  and  strain  rates  contain  a 
refined  mesh  and  other  areas  a  relatively  coarse  mesh.  On 
the  mesh  boundaries  Su  and  S^i  nodal  velocites  and  forces 
respectively  are  prescribed.  In  most  cases  one  need  only 
define  nodes  which  are  initially  in  contact  with  a  die  or 
may  come  in  contact  during  deformation.  ALPID  converts 
the  die  velocity  to  nodal  velocities  and  in  addition 


computes  the  normal  and  traction  nodal  forces  as  a  function 
of  the  nodal  velocity  relative  to  the  die  surface.  A  pre¬ 
scribed  constant  friction  factor  is  used  in  this  computa¬ 
tion.  All  nodes  not  initially  in  contact  with  a  die  are 
prescribed  to  have  zero  forces  acting  on  them.  If  during 
simulation  a  node  comes  in  contact  or  breaks  contact  with 
a  die,  ALPID  prescribes  velocities  or  forces  on  that  node 
respectively. 

At  each  time  step  during  a  deformation  simulation 
ALPID  computes  all  nodal  velocities  not  prescribed  using 
the  Newton-Raphson  method  mentioned  previously.  When  a 
velocity  field  is  found  which  satisfies  the  convergence 
requirements,  all  stress  and  strain  rate  tensor  components 
as  well  as  total  effective  strain  and  effective  strain 
rate  are  available  as  output.  Additionally  nodal  and  die 
force  components  are  computed  and  available. 

When  using  ALPID  one  should  have  available  a  method 
of  mapping  a  new  grid  mesh  on  a  previously  deformed  mesh. 
During  deformation  a  grid  mesh  may  become  severely 
distorted  and  at  some  point  element  Jacobian  determinants 
may  become  ^  0.  Before  this  occurs  the  remeshing  process 
is  performed  by  transforming  the  stress- strain  field  from 
the  old  mesh  to  a  new  undistorted  mesh.  The  simulation 
then,  proceeds. 

One  final  note  on  ALPID  use  is  that  an  appropriate 
material  property  subroutine,  (3)  must  be  supplied.  This 
subroutine  contains  the  constitutive  relation 


required  for  the  distortion  integral  in  the  functional 
statement.  This  relation  which  is  obtained  from  isothermal 
compression  testing  within  a  range  of  strain  rates,  is 
addressed  for  each  element  at  each  time  step  to  establish 
the  flow  stress  under  the  particular  conditions  of  strain 
rate, temperature,  and  strain. 

IV.  RESULTS 

Two  simulations  are  presented.  The  first  is  one  half 
of  plane  A  (see  figs.  2,3-5).  All  nodes  except  those  on 
the  top  surface  are  constrained  to  move  in  either  the 
horizontal  or  vertical  directions.  As  the  die  is  pushed 
down  into  the  material  the  portion  of  the  material  not 
in  contact  with  the  die  is  forced  upward  while  the  rest 
is  forced  down.  Results  of  effective  strain  rate  and 
total  effective  strain  are  given  along  with  the  deformed 
grid  mesh.  The  simulation  proceeded  through  90#  of  the 
total  reduction  in  height  required  for  this  process. 

The  second  simulation  (figs.  6-9)  is  more  represent¬ 
ative  of  the  actual  forging  process.  The  die  configuration 
allows  flashing  to  occur  at  the  upper  right  hand  comer 
as  well  as  having  a  draft  angle  built  in  to  facilitate 
workpiece  removal  from  an  actual  forge.  This  simulation 
uses  a  variable  die  velocity  (fig.  10)  in  an  attempt  to 
cause  a  near  constant  strain  rate  within  the  material. 

As  can  be  seen  in  comparison  between  the  two  simulations 


a  near  constant  strain  rate  does  occur  in  this  simulation 
while  in  the  first*  the  strain  rate  increases  quickly  due 
to  the  constant  die  velocity  as  the  simulation  proceeds. 
Effective  strain  rate*  total  effective  strain*  and  grid 
distortions  are  presented. 

As  can  be  seen  in  the  figures  the  regions  where 
material  is  being  forced  away  by  the  die  display  high 
total  effective  strain.  Regions  toward  the  center  of  the 
disk  are  strained  much  less.  The  flash  region  as  expected 
is  an  area  of  high  strain  which  also  appears  to  propagate 
through  the  material  in  the  flash  vicinity. 

The  simulations  present  an  initial  attempt  to  analyze 
the  three  dimensional  problem  in  a  two  dimensional  sense. 
Deformation  modelling  in  a  plane  parallel  to  the  horizontal 
axis  was  attempted,  but  problems  arose  in  incorporating 
metal  addition  to  the  section,  or  in  assigning  appropriate 
boundary  conditions  to  accommodate  an  equivalent  deforma¬ 
tion. 

Due  to  computer  system  time 'constraints  the  second 
simulation  could  not  proceed  past  50 %  reduction.  This 
problem  is  being  resolved  so  that  the  complete  simulation 
may  be  carried  through. 

The  simulations  result  in  evaluating  all  components 

of  stress  and  strain  rate  tensors  as  well  as  computing 

effective  strain  rate  and  total  effective  strain.  The 

results  of  effective  strain  rate  may  be  compared  with 

material  processing  maps  currently  being  developed  at 
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W.P.A.F.B.  (3).  The  processing  maps  dictate  the  optimal 
processing  parameters  ( £  ,T)  required  to  obtain  a  desired 
internal  material  microstructure.  One  goal  of  these  Simula* 
tions  is  to  determine  the  die  velocity  and  preform  shape* 
which  will  force  the  majority  of  the  workpiece  to  lie  in 
these  optimal  regions  hence  producing  a  forging  with  the 
desired  property/microstructure  characteristics. 

V.  DISCUSSION  AND  RECOMMENDATIONS 

The  idea  of  modelling  a  three  dimensional  forging  with 
a  two  dimensional  code  might  seem  a  waste  of  effort  and 
resources.  How  could  anything  useful  come  out  of  such  an 
analysis  ? 

One  must  realize  that  the  time*  effort*  and  expense 
of  development  as  well  as  the  cost  involved  in  just  a  two 
dimensional  analysis  of  this  type  is  substantial.  The 
storage  requirements  are  massive  and  the  CPU  time  is 
exceedingly  long.  When  extrapolating  the  problems  associated 
with  two  dimensional  analysis  to  three  dimensions,  the 
proposition  of  obtaining  cost  effective  solutions  becomes 
minute.  This  is  not  to  say  that  three  dimensional  analysis 
in  the  area  of  solid  mechanics  is  impossible*  but  at  the 
present  time*  impractical.  Only  the  latest  generation  of 
super  computers  can  handle  the  analysis  and  even  they  are 
operating  at  their  limits  with  a  complex  three  dimensional 
deformation  simulation.  The  development  of  pre  and  post 
processors  for  the  three  dimensional  code  as  well  as 
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r meshing  techniques  pose  additional  large  scale  tasks. 
Granted  for  a  not  too  complex  three  dimensional  problem,  a 
specialized  code  could  be  formulated  (and  has  been  (**•)) 
but  the  prospect  of  developing  a  code  to  handle  arbitrary 
three  dimensional  preforra/die  shapes  is  at  present  incon¬ 
ceivable.  It  is  therefore  beneficial  to  analyze  three 
dimensional  deformation  with  a  two  dimensional  code. 

At  present  one  must  analyze  each  simulation  to  check 
for  the  desired  processing  parameters  and  make  adjustments 
accordingly  for  the  following  run.  Future  work  to  modify 
ALPID  to  automatically  compute  the  desired  velocity  pro¬ 
file  would  significantly  improve  the  development  of  an 
optimal  forging  process  given  arbitrary  preform,  die 
configuration,  and  desired  final  microstructure. 

Also  of  value  in  running  ALPID  would  be  an  automatic 
remeshing  scheme.  As  stated  before,  during  large  deformation 
the  grid  mesh  tends  to  break  down.  Work  on  an  algorithm  to 
detect  approaching  grid  failure  and  correct  it  automatically 
by  an  appropriate  remeshing  would  reduce  the  required 
user/code  interaction  immensely. 

Physical  modelling  with  plasticine  and/or  lead  should 
be  conducted  (and  to  date  has  been  started)  to  investigate 
the  accuracy  of  the  simulations.  So  far  the  simulations 
are  qualitatively  consistent  with  the  initial  plasticine 
modelling.  With  follow  up  work  in  this  area  and  on  other 
three  dimensional  deformations  one  should  soon  be  able  to 
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confidently  analyse  such  problems  in  this  manner  until  three 
dimensional  deformation  codes  are  available  and  their  use 
practical . 
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THE  EFFECTS  OF  HUCLEAR  RADIATION  ON  THE  OPTICAL 
CHARACTERISTICS  OF  (SiO?-Zr02  on  Si  SUBSTRATE)  MIRRORS 

by 

Mark  A.  Ferre I 

ABSTRACT 

The  military  has  a  lot  of  interest  in  the  effects  of  nuclear 
radiation  on  the  optical  characteristics  of  laser  components  for 
future  weapons  systems*  If  the  radiation  effects  can  be  modeled,  then 
the  amount  of  damage  in  a  given  situation  could  be  predicted. 

The  mirrors  (which  were  SiOj-ZrOj  on  a  Si  substrate  deposited 

for  maximized  reflectivity  at  a  wave  length  of  1.315  ym)  have  a  502 

2 

Iodine  laser  damage  threshold  of  36.11  J/cm  .  The  mirrors  were 
exposed  to  no  irradiation.  The  equation  which  best  fit  the  data  is 
below.  D  is  the  percent  damage  at  a  given  laser  pulse  energy  level 
and  P  is  the  laser  pulse  energy  level  in  mJ. 

D  **  arctan  ^.565(P-10.78)+.0038(P-10.78)3+.000096(P-10.75)5]+50 

A  least  squares  fit  was  used  fit  the  function  to  the  data.  The 

standard  deviation  for  this  fit  is  +  10.512  damage. 

It  was  also  found  that  given  a  constant  laser  power  as  mirror 

reflectivity  decreases  the  amount  of  damage  increases.  This  is 

expected  since  the  mirror  is  absorbing  more  of  the  laser  energy  at  low 

reflectivities.  A  mirror  with  832  reflectivity  had  a  502  laser  damage 

2 

threshold  of  27.81  J/cm  ,  while  the  mirrors  with  982  reflectivity 

2 

had  a  502  damage  threshold  of  36.11  J/cm  . 

As  soon  as  the  data  is  available  from  the  irradiated  mirrors,  the 
data  will  be  similarly  analyzed  and  modeled. 


I.  INTRODUCTION: 


Determination  of  nuclear-radiation  effects  on  the  optical 
characteristics  of  laser  components,  such  as  mirrors,  windows,  and  Q 
switches,  has  recently  become  a  matter  of  vital  interest  with  the 
scope  of  several  projects  under  the  auspices  of  the  Strategic  Defense 
Initiative  (SDI).  Such  knowledge,  at  least  of  a  phenomenological 
nature,  is  of  utmost  and  urgent  importance  for  the  design  of  laser 
systems  for  anti-missile  defense  applications.  In  the  long  run,  basic 
understanding  of  response  kinetics  and  the  concomitant  ability  to 
formulate  theoretical  models  will  be  essential  to  harden  these  systems 
and  reduce  their  vulnerability  to  hostile  actions. 

Based  on  the  common  knowledge  of  solid-state  physics,  energy 
deposition  from  absorption  of  nuclear  radiation  changes  the 
microstructure  of  the  crystal  lattice  and  the  distribution  of  the 
electrons  and  holes  in  quantum  -  mechanically  available  energy  states; 
to  complicate  matters,  inevitable  impurities  and  dislocation  defects 
are  generally  of  profound  importance.  Such  changes  impact  a  variety 
of  physical  properties  of  the  solid  material,  such  as  electrical 
conductivity  and  optical  absorbance.  Thus,  the  essential  question  to 
be  answered  is  not  whether  germane  effects  will  actually  occur,  but  as 
to  what  their  magnitude  and  the  associated  practical  significance  for 
the  military  systems  design  might  be. 

Except  for  very  preliminary  efforts  by  the  author.  Dr.  Donnert* 

,  2 

and  Kevin  Zook  at  FJSRL  and  by  researchers  at  Sandia  National 
Laboratory  (SNL)^,  virtually  no  research  to  explore  this  vital 
problem  area  has  been  reported.  Published  observations  of 

...  4 

nuclear-irradiation  effects  on  the  performance  of  fiber  optics  , 
although  in  themselves  certainly  interesting,  are  of  exceedingly 
limited  value  in  addressing  the  laser-component  problem  because  the 
vagaries  in  solid-state  behavior  and  the  lack  of  a  sound  theoretical 
understanding  preclude  any  quantitatively  credible  scientific 
inference.  Simply  speaking,  the  state  of  the  art  is  on  square  one. 


ft  t 


II.  O&JECTIVES  OF  THE  RESEARCH  EFFORT: 

The  objectives  of  the  research  effort  are: 

a)  To  determine  the  502  Iodine  Laser  damage  threshold  of  the 
mirrors  (SiOj^ZrOj  on  a  Si  substrate  deposited  for  maximized 
reflectivity  at  1.315  va)- 

b)  To  model  the  mirror  damage  data  and  then  accurately  be 
able  to  predict  the  amount  of  damage  given  initial  conditions. 

c)  To  determine  how  the  laser  damage  to  the  mirrors  changes 
as  the  reflectivity  of  the  mirrors  changes. 

d)  To  determine  how  the  502  laser  damage  threshold  changes 
when  the  mirrors  have  been  exposed  to  nuclear  irradiation. 

e)  To  model  the  nuclear  irradiated  mirror  laser  damage  data 
and  then  be  able  to  predict  the  amount  of  damage  to  the  mirrors,  given 
initial  conditions. 

f)  To  correlate  the  micro-structure  damage  with  the  observed 
macro  damage  to  the  mirrors. 

III.  PROCEDURE  TO  MEET  OBJECTIVES: 

In  order  to  accomplish  the  first  objective,  mirrors  #1,2,6  and  7 
were  shot  with  the  Sandia  National  Laboratories  Iodine  Atomic  Laser 
(#1763607  913)  which  used  a  Lambda  Regulated  Power  Supply  (Model  #LM 
D28R  and  Serial  #099240)  over  a  range  of  Laser  Pulse  Energies.  The 
iodine  laser  had  a  wavelength  of  1.315  >u  m  and  a  pulse  length  of  10 
microseconds.  Mirrors  #1,2,  and  7  had  a  reflectivity  of  982  while 
Mirror  #6  had  a  reflectivity  of  832.  By  comparing  the  damage  results 
from  mirrors  #1,  2,  and  7  with  the  damage  results  from  mirror  #6, 
objective  3  could  be  met. 

The  criteria  used  for  "laser  damage"  was  any  detectable  circular 
pattern  that  could  be  seen  by  the  eye  using  a  Leitz  Wetzlar  microscope 
with  a  magnification  of  20  x.  If  the  mirror's  damage  was  due  to  the 
laser,  a  near  perfect  circular  pattern  was  formed.  The  diameter  of 
the  circular  pattern  varied  from  about  .042  microns  to  .216  microns, 
but  the  circular  pattern  was  always  present.  This  circular  pattern 
makes  it  easy  to  distinguish  the  laser  induced  damage  from  natural 
defects  which  are  rarely  circular  in  shape. 

Each  mirror  was  shot  with  the  iodine  laser  at  site  locations  .15 
inches  apart  to  prevent  overlap  of  laser  damage  site's.  After  all 
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possible  aitaa  were  ahot  on  each  mirror,  the  mirrora  were  examined 
under  the  Leits  Wetzlar  microacope  at  20  x  power  to  verify  whether  each 
aite  damaged  or  not. 

IV.  GRAPHICAL  ANALYSIS: 

Once  the  laser  damage  data  waa  taken  and  verified,  the  data  was 

graphed  using  several  different  data  groupings.  A  model  was  fit  to 

each  graph  which  will  be  discussed  later.  Since  the  laser  pulse 

energy  was  over  a  range  of  8.0  mJ  to  about  21  mJ,  this  pulse  energy 

was  divided  into  evenly  spaced  increments  (See  Table  1).  The  average 
2 

fluence  (J/cm  )  can  be  calculated  by  multiplying  the  laser  pulse 
energy  by  3.35.  There  were  a  few  shots  at  laser  pulse  energized  at 
greater  than  21  mJ,  but  they  were  spaced  very  far  apart.  These  points 
were  used  in  the  analysis  but  all  the  points  about  21  mJ  were  treated 
as  two  groups. 

V.  MODELING  DATA: 

From  the  graphs  made  of  the  laser  damage  data,  it  was  apparent 
that  some  type  of  arctan  function  would  work  best.  After  trying 
several  different  arctan  fits  the  function  below  was  arrived  upon  as 
the  best. 

D  -  A  arctan  £ci(P-K)+C3<P-K)3+C5<P-K)5  ]  +  B  (1) 

where  A  and  B  **  Parameter  Constants 

C.  ,  ,  ■  Constants  to  be  determined 

K  ■  Laser  pulse  energy  that  causes  damage  50%  of  the  time 
P  *  Laser  pulse  energy  (mJ) 

D  *  X  of  time  sample  will  damage  at  P. 

A  least  squares  fit  along  with  a  bisection^  routine  was  used  to 
determine  Cj,,  C^>  and  K.  The  actual  values  for  the  constants 

for  each  model  along  with  the  standard  deviations  are  in  Table  2. 

VI.  ST AT ISC AL  ANALYSIS: 

F-tests  were  performed  on  all  the  models^.  In  all  but  a  couple 
of  exceptions,  the  F-testa  verified  that  the  different  models  are  of 
the  same  damage  data. 
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Figure  3  show*  model  1  which  wet  the  beet  fit  to  the  deta.  All 
six  models  are  reported  in  Figure  1.  It  is  evident  from  Figure  1  that 
as  the  power  groupings  of  each  model  changed,  the  functions  changed 
(also  see  Table  2). 

The  statistics  could  be  improved  with  more  damage  testing  of  the 
surrors.  This  is  not  possible,  however,  due  to  the  small  quantity  of 
mirrors  available. 

VII.  RESULTS  OF  LOWER  REFLECTIVITY: 

It  is  apparent  from  Figure  3  that  as  the  reflectivity  decreases 
the  50%  laser  damage  threshold  also  decreases.  This  would  be  expected 
since  the  less  laser  energy  a  mirror  reflects,  the  more  laser  energy 
is  absorbs.  Given  as  constant  laser  pulse  energy,  the  smaller  the 
mirror  reflectivity  the  more  it  will  damage. 

The  reflectivity  of  mirror  #6  is  about  15%  less  than  that  of 

mirror  #1,2,  and  7  (83%  compared  to  98%).  The  drop  in  the  30%  laser 

2  2 

damage  threshold  was  23%  (36.11  J/cm  to  27.81  J/cm  ).  Although 
there  is  not  enough  data  at  the  lower  reflectivities  to  draw  any 
conclusive  conclusions  it  appears  that  Che  50%  laser  damage  threshold 
will  drop  rapidly  for  small  changes  in  mirror  reflectivity. 

The  mirrors  which  have  been  fast-neutron  irradiated  in  the 
beam-stop  at  Los  Alamos  Mason  Physics  Facility  (LAMPF)  have  not  yet 
been  received.  Other  materials  in  the  same  sample  box  nave  fairly 
high  levels  of  neutron  induced  radiation.  Once  the  radiation  levels 
are  below  safety  limits  the  mirrors  will  be  removed.  The  irradiated 
mirrors  will  then  be  tested  as  mirrors  #1,2,6,  and  7  were. 

The  micro-structure  damage  will  then  be  correlated  to  the  observed 
macro  damage. 

VII.  RECOMME  NDAT 10 MS : 

Because  of  the  great  importance  optical  equipment  will  have  with 
respect  to  military  application  in  the  future,  the  research  of  the 
effects  of  nuclear  radiation  on  the  optical  characteristics  of  laser 
components  should  be  continued  and  expanded.  Since  very  little 
research  has  been  done  in  this  area  the  research  area  can  easily  be 
expanded  to  cover  many  of  the  topics  pertinant  to  military  needs. 


VIII.  FIGURES  AMD  TABLES 


Table  1  -  Show*  each  model  and  the  increments  the  laser  pulse 

energy  was  broken  into  along  with  the  data  points  used 
in  the  least  squares  fit  of  each  model.  To  convert 
laser  pulse  energy  (mJ)  to  fluence  (J/cm  ),  multiply 
by  3.35. 

Table  2  -  Shows  the  perameter  values  for  each  model  and  the 

standard  deviation  of  each  model. 

Figure  1  -  Graphical  comparison  of  the  six  models  for  the  mirrors 
with  982  reflectivity  (mirrors  1,2,  and  7). 

Figure  2  -  Graph  shows  how  the  laser  damage  curve  changes  for  a 

mirror  with  832  reflectivity  (mirror  6). 

Figure  3  -  Graph  of  best  fit  model  to  data  from  mirrors  with  982 
reflectivity  (mirros  1,2,  and  7). 
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Table  1  Continued 


If.  ‘ 


£ 


Laser  Pulse  Energy 
Increments  (mJ ) 


Average  Pulse  Energy  within 
Laser  Pulse  Energy  Increment 


Laser  Pulse  Energy 
Increments  (mJ) 


Average  Pulse  Energy  within 
Laser  Pulse  Energy  Increment 


7.1  -  9.0 

9.1  -  11.0 
11.1  -  13.0 


8.50 

9.62 

11.6 


*  Data  points  not  used  in  least  squares  fit  modeling. 
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X  Damage 


it. 

Model  6 

i 

7.1  -  8.0 

8.26 

0.0 

8.1  -  9.0 

- 

- 

9.1  -  10.0 

9.76 

55.0 

10.1  -  11.0 

10.82 

53.8 

i 

11.1  -  12.0 

11.48 

60.0 

►,v 

12.1  -  13.0 

12.68 

60.0 

\V 

13.1  -  14.0 

13.4 

67.0 

14.1  -  15.0 

14.62 

80.0 

15.1  -  16.0 

15.60 

80.0 

16.1  -  17.0 

16.53 

67.0 

17.1  -  18.0 

- 

- 

18.1  -  19.0 

18.30 

100.0 

a 

19.1  -  20.0 

19.65* 

50.0* 

R 

20.1  -  21.0 

20.05 

100.0 

•  mm 

> 

21.1  -  25.0 

A 

23.9 

100.0 

25.1  -  1 

36.7 

100.0 

Model  for  Mirror  #6  (83X  Reflectivity) 


%  Damage 


54.0 

73.0 

100.0 
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Model 


Table  2. 


(832  Reflectivity) 


Function  fit  to  data  is  below* 


Std.  Dev. 


l 

.565 

.0038 

.000096 

10.78 

♦  10.51 

2 

•  219 

.0012 

.000014 

11.23 

♦  14.07 

3 

.931 

.0003 

.000020 

10.62 

♦  22.08 

4 

.301 

.0029 

.000014 

10.28 

♦  36.84 

5 

.678 

.0008 

.000026 

10.66 

♦  37.05 

6 
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AB TRACT 

In  this  study  psychophysical  matching  techniques  were  employed  to 
equate  the  subjective  experience  of  motion  between  two  alternative  motion 
simulation  devices— the  RATS,  a  full-body  motion  environment  and  the 
ALCOGS,  which  presented  motion  cues  through  a  moving  seat  pan.  The 
psychophysical  matching  technique,  designated  SIGMA,  for  Subjective 
Interactive  Gain  Measurement  Analysis,  resulted  in  equivalent  roll-axis 
tracking  performance  between  the  two  simulators.  However,  training 
subjeots  in  the  ALCOGS  using  the  motion  drive  algorithm  derived  using  the 
SIGMA  technique  did  not  result  in  better  transfer  between  simulators  than 
training  with  no  motion  cues. 


I.  INTRODUCTION 


Th*  Advanced  Low  Cost  G-Cuing  System  (ALCOGS)  was  developed  to  fulfill 
the  need  for  a  "highly  responsive  and  flexible  research  G-cuing  system  for 
tactical  aircraft  simulation"  (Kleinwaks,  1980).  This  system  includes 
hydraulically-actuated  seat-pan,  backrest,  and  seatbelt  elements  mounted  in 
an  aircraft  seat  frame.  The  Air  Force  Aerospace  Medical  Research  Laboratory 
has  recently  been  investigating  the  feasibility  of  using  the  ALCOGS  to 
provide  motion  information  in  simulated  flight  environments  (McMillan, 
Levison,  A  Martin,  1984$  Levison,  McMillan,  A  Martin,  1984).  The  results 
from  these  investigations  have  been  mixed.  On  the  one  hand,  performance  in 
a  roll-axis  tracking  task  showed  significant  improvement  when  rotational 
information  was  provided  using  the  one-piece  seat-pan  of  the  ALCOGS.  Yet, 
on  the  other  hand,  this  improved  performance  did  not  transfer  to  a  similar 
roll-axis  tracking  task  performed  in  a  whole-body  motion  simulation 
environment  provided  by  the  Roll-Axis  Tracking  Simulator  (RATS).  That  is, 
subjects  trained  with  motion  cues  provided  through  the  seat  pan  of  the 
ALCOGS  did  no  better  when  transferred  to  a  whole-body  motion  environment 
than  subject  trained  in  a  static  (no  motion)  environment.  The  present 
investigation  was  initiated  to  study  ways  for  improving  the  transfer  of 
training  between  the  moving  seat-pan  of  the  ALCOGS  and  the  whole-body 
motion  of  the  RATS  for  a  roll-axis  tracking  task.  Two  factors  were  ohosen 
for  examination:  1)  the  algorithm  used  to  drive  the  ALCOGS*  seat-pan,  and 
2)  the  compatibility  between  simulator  motion  and  visually  presented 
Information . 

A.  The  Roll-Axis  Drive  Algorithm 

McMillan,  Levison,  and  Martin  (1984)  investigated  the  effects  of  four 


different  algor  it  has  for  driving  the  seat-pen  of  the  ALCOGS  in  a  roll-axis 
tracking  task.  These  algorithms  were: 

^ALCOGS  *  ",32  0RATS  *  *  02  ^RATS 
9 ALCOGS  *  “,32  PRATS  <2) 

^ALCOGS  *  *02  PRATS  (3) 


'ALCOGS 


=  -.23  a* 


The  algorithm  represented  in  Equation  1  equates  the  seat-pan  angle  in 
the  ALCOGS  to  a  combination  of  angular  position  and  acceleration  in  the 
RATS.  This  algorithm  was  chosen  in  an  attempt  to  equate  the  two  simulators 
for  buttocks  pressure.  McMillan  et  al.  ( 198*0  found  that  performance  in  a 
roll-axis  tracking  task  (RMS  error)  was  slightly  improved  relative  to 
performance  under  static  conditions  when  this  "pressure  matching"  algorithm 
was  used  to  drive  the  seat-pan.  However!  the  amount  of  improvement  was 
small  relative  to  the  improvement  seen  when  whole-body  motion  cues  (RATS) 
were  provided  to  trackers  in  a  previous  study  (Levison,  Lancraft,  A  Junker, 
1979). 

McMillan  et  al.  (1984)  next  tested  performance  (RMS  error)  in  a  roll- 
axis  tracking  task  using  the  algorithms  of  Equations  2  and  2  to  drive  the 
seat-pan  of  the  ALCOGS.  These  equations  were  derived  by  setting  either  the 
position  or  the  acceleration  terms  of  Equation  2  *ero.  Thus,  Equation  2 
represents  a  position  algorithm  in  which  the  angular  position  of  the  seat- 
pan  is  proportional  to  the  angular  position  of  the  RATS.  Equation  2 
represents  an  acceleration  algorithm  in  which  the  angular  position  of  the 
seat-pan  is  proportional  to  the  angular  acceleration  of  the  RATS.  The 
roll-axis  tracking  performance  obtained  using  these  algorithms  seemed  to 
indicate  that  the  position  component  of  Equation  2  was  "providing  much  more 


useful  information  than  the  sooslsrstlon  coaponsnt "  (MoMillsn  et  alM 
1984).  In  faot,  asymptotic  performance  using  the  position  algorithm  to 
drive  the  seat-pan  was  equivalent  to  asymptotio  performance  in  the  whole- 
body  motion  environment  of  the  RATS. 

Finally,  to  oomplete  the  pioture,  McMillan  et  al.  (1984)  tested 
performance  (RMS  error)  using  the  velocity  algorithm  shown  in  Equation  4. 

In  this  algorithm,  angular  position  of  the  seat-pan  is  made  proportional  to 
angular  velocity  in  the  RATS.  The  asymptotio  roll-axis  tracking 
performance  obtained  using  the  velocity  algorithm  to  drive  the  seat-pan 
exceeded  asymptotio  performance  in  the  RATS. 

Thus,  two  of  the  four  seat-pan  drive  algorithms  tested  (position  or 

veloolty)  resulted  in  performance  which  equaled  or  exceeded  the  performance 

obtained  in  the  whole-body  motion  environment  of  the  RATS.  This  is  the 

positive  aspect  of  the  mixed  results  alluded  to  in  the  opening  paragraph. 

The  negative  aspeot  is  that  training  subjeots  with  the  seat-pan  being 

driven  by  either  the  position  or  veloolty  algorithms  resulted  in  no  better 

transfer  to  the  whole-body  motion  environment  (RATS)  than  did  training 

subjeots  with  a  static  seat.  This  suggests  that  experience  in  using  the 

motion  cues  provided  by  the  AL  COOS'  seat-pan  does  not  result  in  an  enhanced 

ability  to  pick-up  motion  cues  in  the  whole-body  motion  environment.  One 

possible  explanation  for  this  lack  of  positive  transfer  between  the  two 

motion  cuing  devices  is  that  the  motion  doesn't  "feel"  the  same.  The 

present  study  will  employ  psychophysical  matching  techniques  in  an  attempt 

to  equate  the  two-  motion  devices  in  terms  of  their  subjective  "feel."  If 

the  algorithm  which  results  as  a  function  of  this  psyohophysical  matching 

proves  to  be  different  in  form  from  the  previously  tested  algorithms  (e.g., 

•  * 
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a  firat-ordar  laad  or  a  first-order  lag),  than  it  is  ho pad  that  training 
subjects  with  this  new  algorithm  will  result  in  greater  positive  transfer 
between  the  two- motion  cuing  systems. 

B.  Visual  Motion  Display  Compatibility 

A  second  factor  which  might  contribute  to  the  laok  of  positive 
transfer  between  the  ALCOGS  and  the  RATS  is  a  possible  oonflict  in  the  way 
visual  information  is  presented  in  the  two  simulation  devioea.  Figure  1 
shows  three  alternative  visual  displays.  Bach  visual  display  is  eamposed 
of  two  symbols:  a  schematic  plane  (J-)  and  a  dotted  refer enoe  line  (— ). 
Angular  position  error  is  represented  by  the  angular  differenoe  between  the 
schematic  plane  and  the  dotted  reference  line. 

Figure  Ho)  represents  the  visual  display  used  in  the  RATS.  In  this 
configuration  the  schematic  plane  moves  with  respect  to  the  display  screen, 
and  the  dotted  reference  line  is  stationary  with  respect  to  the  display 
screen.  However,  the  entire  visual  display  is  moving  with  the  RATS. 
Further,  simulator  motion  and  motion  of  the  sohematlo  plane  are  coupled 
such  that  the  sohematlo  plane  is  always  perpendicular  to  gravity.  This 
coupling  of  motion  within  the  visual  display  and  motion  of  the  display 
Itself  could  result  in  one  of  two  possible  perceptions  on  the  part  of  the 
tracker.  If  the  human  tracker  adopts  the  screen  as  her  reference  frame, 
then  the  plane  symbol  should  appear  to  be  moving  with  respect  to  the 
stationary  dotted  reference  line  when  tracking  in  the  RATS.  Given  this 
perspective,  the  displays  shown  in  Figure  1(a)  would  be  appropriate  for  use 
in  the  ALCOGS.  However,  the  human  tracker  could  also  adopt  the  force  of 
gravity  as  her  reference  frame.  In  this  case,  the  dotted  reference  line 
should  be  perceived  as  moving  with  respect  to  the  stationary  plane  symbol 


when  tracking  In  the  RATS.  In  this  case,  Figure  1(b)  would  be  sore 
appropriate  for  use  in  the  ALCOGS. 

The  previous  roll-axis  tracking  tasks  performed  using  the  ALCOGS  have 
all  used  the  visual  display  shown  in  Figure  1(a).  These  studies  have 
assumed  the  visual  display  as  the  reference  frame.  However,  if  the 
trackers  are  actually  orienting  to  gravity,  then  the  displays  seen  in  the 
ALCOGS  and  in  the  RATS  may  have  appeared  to  be  very  different.  This 
difference  may  have  resulted  in  negative  transfer  which  masked  any  positive 
transfer  due  to  the  motion  cues  provided  by  the  moving  seat-pan.  This 
hypothesis  will  be  tested  by  including  the  two  ALCOGS'  display  alternatives 
shown  in  Figure  1  as  a  between-subjects  factor  in  the  present  study. 

II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT 

The  primary  objective  of  this  research  effort  was  to  improve  the 
amount  of  positive  transfer  between  the  ALCOGS  and  the  RATS  in  a  roll-axis 
tracking  task.  This  objective  is  a  small  part  of  a  larger  effort  on  the 
part  of  the  Air  Force  Aerospaoe  Medical  Research  Laboratory  to  evaluate  the 
value  of  the  ALCOGS,  both  as  a  research  tool  for  studying  the  role  of 
motion  information  in  flight  control  tasks  and  as  an  alternative  to  larger, 
more  expensive  motion  base  simulators  for  training  tactical  aircraft 
skills. 

A  secondary  objective  of  this  project  was  to  examine  a  new  methodology 
for  psychophysically  matching  displays  for  continuous  control  tasks.  This 
new  methodology  has  been  designated  SIGMA  for  Subjective  Interactive  Gain 
Measurement  Analysis.  SIGMA  provides  a  methodology  for  collecting 
magnitude  estimations  across  a  range  of  frequencies  and  then  combining 
these  estimates  into  an  approximate  operator  descrioing  function  for 


equating  two  displays.  SIGMA  say  prove  to  be  a  valuable  tool  for 
psychologically  equating  displays  for  dynaaic  tasks  that  differ  along  any 
physieal  diaension  (e.g.,  nodality,  lag,  eto.) 

III.  EXPERIMENT 

A.  Equipment 

Two  simulation  devices  were  used  in  this  study.  The  dynamic  seat,  a 
subsystem  of  the  ALCOGS,  was  used  to  provide  dynamic  cuing  and  the  RATS  was 
used  to  provide  whole- body  motion  cuing. 

The  dynaaic  seat  is  a  hydraulically  accuated  seat-pan  which  can  be 
driven  in  four  degrees  of  freedom:  longitudinal,  heave,  pitch,  and  roll. 
For  this  study,  only  the  seat-pan  roll  was  used. 

The  RATS  consists  of  a  rotating  fraae,  drive  train,  and  oontrol 
console.  It  is  capable  of  360  degree  rolla.  The  axis  of  rotation  is 
through  the  subject's  buttocks. 

Both  simulators  were  driven  with  an  EAI  580  analog  computer  and  a  PDF 
11/60  digital  computer.  The  dynamics  were  representative  of  the  roll 
response  of  a  fighter-type  aircraft.  This  simulation  operated  at  100  Hz 
and  included  delays  of  only  75  aseo  in  the  visual  and  notion  loops. 

A  small  TV  monitor  mounted  at  the  subject's  eye  level  displayed 
tracking  error.  The  reference  line  subtended  a  visual  angle  of  less  than  9 
degrees.  The  display  configurations  are  shown  in  Figure  1. 

B.  Subjects 

Six  naive  subjects,  three  male  and  three  female,  participated  in  the 


early  phases  of  this  study.  Four  of  these  subjects,  two  male  and  two 
female,  continued  into  the  final  tracking  phase  of  the  study. 


C.  Procedure 

The  investigation  consisted  of  four  phases.  Phase  I  investigated  the 
subjects'  ability  to  natch  notion  amplitudes  within  the  sane  sinulator 
(ALCOGS).  This  phase  involved  two  1-hour  sessions  per  subject.  During  a 
session  a  subject  was  presented  with  six  different  reference  signals  (two 
amplitudes  (♦  5  degrees,  +  2  degrees)  at  each  of  three  frequencies  (0.08 
Hz,  0.25  Hz,  0.80  Hz)).  A  single  presentation  lasted  for  120  seconds. 
During  this  tine  a  subject  was  seated  in  the  ALCOGS  while  seat-pan  roll  waa 
driven  at  a  particular  amplitude-frequency  combination.  After  this 
reference  presentation  there  was  a  break  of  approximately  5  ninutes  during 
which  the  subject  was  removed  from  the  sinulator.  Following  the  break, 
subjects  were  returned  to  the  ALCOGS.  A  signal  at  the  same  frequency  as 
the  reference  signal  was  then  presented  to  the  subject  and  he/she  was  asked 
to  adjust  the  signal  amplitude  until  the  seat  notion  was  equivalent  to  the 
previously  presented  reference  motion.  Adjustments  were  made  using  a  force 
stick  mounted  on  the  right-hand  side  of  the  ALCOGS.  The  initial  amplitude 
was  always  zero.  The  order  in  which  reference  signals  were  presented  to 
subjects  was  counterbalanced  across  the  six  subjeots. 

Phase  1  was  included  to  provide  a  baseline  from  which  to  assess  later 
Judgments.  That  is,  it  was  intended  to  provide  an  index  of  the  variability 
to  be  expected  for  matching  judgments  and  also  provide  an  index  for  any 
consistent  distortions  in  this  judgment  which  might  be  attributed  to 
memory . 

Phase  II  was  similar  to  Phase  I,  with  the  exception  that  reference 
signals  were  presented  using  the  RATS,  and  matches  were  made  in  the  ALCOGS. 
Like  Phase  I,  Phase  II  also  consisted  of  two  l-hour  session  in  which  six 


reference  signals  were  presented  to  the  subjects.  The  sane  reference 


signals  used  in  Phase  1  were  used  in  Phase  II.  The  goal  of  Phase  II  was 
to  generate  a  pattern  of  amplitude  ratios  across  frequencies.  This  pattern 
could  then  be  used  to  generate  an  approximate  describing  function  for 
relating  perceived  motion  in  the  RATS  to  perceived  motion  in  the  ALCOGS. 
Using  this  describing  function  an  optimal  algorithm  for  driving  the  dynamic 
seat  could  then  be  derived. 

In  Phase  III,  reference  signals  were  presented  using  a  visually 
displayed  line  pivoting  about  its  center  and  matches  were  made  by  adjusting 
the  amplitude  of  roll  motion  in  the  simulator.  Thus,  visual  roll  motion 
amplitude  at  a  particular  frequency  was  matched  to  simulator  roll  motion 
amplitude  at  the  same  frequency.  This  phase  consisted  of  four  sessions — 
two  sessions  in  the  RATS  and  two  sessions  in  the  ALCOGS.  The  same  six 
reference  signals  as  were  used  in  Phase  I  and  II  were  used  in  Phase  III. 
Adjustments  of  simulator  motion  were  made  using  a  force  stick. 

The  goal  of  Phase  III  was  the  same  as  for  Phase  II.  That  is,  to 
derive  a  describing  function  for  subjectively  equating  motion  in  the  two 
simulators.  Whereas,  Phase  II  used  direct  comparisons  between  the  two 
simulators,  Phase  III  employed  a  visual  referent  as  a  mediator  between  the 
two  devices.  Thus,  Phase  III  resulted  in  two  describing  functions — Hp  maps 
from  the  visual  referent  to  RATS  motion  and  HA  maps  from  the  visual 
referent  to  ALCOGS  motion  as  shown  in  Equations  5  and  6. 

rfRATS  <«R>  a  ^VISUAL 
^ALCOGS  (HA)  s  ^VISUAL 
*RATS  <«R>  s  ^ALCOGS  (HA) 

^RATS  s  (HA/HR)  ^ALCOGS 


(5) 

(6) 

(7) 

(8) 


These  two  equations  (5  and  6)  can  then  be  coabined  as  shown  in 
Equations  7  to  yield  a  transfer  function  for  equating  the  RATS  and  the 
ALCOGS  as  shown  in  Equation  8.  An  advantage  of  using  the  visual  referent 
as  a  aediator  is  that  it  eliminates  the  delays  involved  with  switching  from 
one  slaulator  to  the  other  as  in  Phase  II. 

In  the  final  phase,  Phase  IV,  four  subjects  performed  a  roll-axis 
tracking  task.  This  task  entailed  maintaining  wings-level  flight  in  the 
presence  of  a  roll  disturbance,  which  appeared  random,  but  was  actually 
generated  by  a  sum-of-sines  procedure  to  simplify  analysis.  Subjects  were 
trained  to  asymptote  in  the  ALCOGS,  with  the  seat-pan  being  driven  with  an 
algorithm  chosen  on  the  basis  of  the  previous  phases.  Two  of  the  four 
subjects  used  the  visual  display  shown  in  Figure  1(a)  and  four  subjects 
used  the  visual  display  shown  in  Figure  Kb).  Following  training,  subjects 
were  transferred  to  a  similar  roll-axis  tracking  task  in  the  RATS  to  assess 
the  training  benefit  of  experience  with  motion  in  the  ALCOGS. 

D.  Results  and  Discussion 

The  results  from  Phase  I  are  shown  in  Figure  2(a).  Plotted  in  Figure 
2(a)  are  the  mean  magnitude  estimations  in  decibels,  averaged  across  the 
six  subjects  and  the  two  amplitudes  for  each  of  the  three  frequencies 
presented.  The  mean  magnitude  estimates  for  the  lower  two  frequencies  were 
close  to  0  db  indicating  fairly  good  matches  to  the  reference  signal.  The 
mean  magnitude  estimate  for  the  higher  frequency  was  slightly  more  than  2 
db  indicating  a  tendency  to  over  estimate  the  amplitude  of  signals  at  this 
frequency.  The  range  of  magnitudes  is  indicated  by  the  bars  on  the  graph  in 
Figure  2(a).  Variability  of  the  estimates  tended  to  be  high. 

The  results  from  Phase  II  showed  a  pattern  very  similar  to  that 


obtained  for  Phase  I  as  can  be  seen  in  Figure  2(b).  The  fact  that  the 
magnitude  estimates  obtained  between  simulators  in  Phase  II  are  similar  to 
the  magnitude  estimates  obtained  in  a  single  simulator  in  Phase  I  suggest 
that  a  1  to  1  position  match  between  motion  in  the  two  simulators  would  be 
the  most  subjectively  similar.  That  is,  the  optimal  drive  algorithm  should 
be  obtained  frco  subtracting  the  magnitude  estimates  (in  decibels)  obtained 
in  Phase  I  from  those  obtained  in  Phase  II.  Doing  this  results  in  a 
describing  function  which  can  best  be  modelled  as  a  gain  of  1 — a  position 
drive  algorithm.  This  is  consistent  with  the  data  reported  by  McMillan, 
Levison,  and  Martin  (1984)  which  showed  equal  asymptotic  performance  for 


subjects  in  the  RATS  and  in  the  ALCOGS  with  a  position  drive  algorithm. 
However,  this  does  not  solve  the  problem  of  transfer  between  simulators. 
As  previously  noted,  subjects  trained  with  a  position  algorithm  in  the 


ALCOGS  did  no  better  than  subjects  trained  under  static  conditions  when 
transferred  to  the  whole-body  motion  environment  of  the  RATS. 


The  results  obtained  for  Phase  III  showed  a  different  pattern.  Figure 
2(c)  shows  the  magnitude  ratios  between  the  G-seat  (ALCOGS)  and  the  RATS 


obtained  in  Phase  III.  This  pattern,  in  which  the  gain  increases  across 
frequency  at  less  than  20  db  per  decade,  suggests  that  the  optimal 
algorithm  for  driving  the  ALCOGS  should  be  a  combination  of  position  and 


velocity.  Although  the  range  of  magnitudes  at  each  frequency  was  large, 


the  pattern  of  increasing  gain  with  increasing  frequency  was  consistent 
across  subjects.  For  six  out  of  six  subjects  the  gain  for  the  second 
frequency  (.25  Hz)  was  higher  than  the  first  (.08  Hz),  and  for  five  of  six 
subjects  the  gain  for  the  third  frequency  (.80  Hz)  was  higher  than  the 
second . 
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In  order  that  the  relative  proportion  of  position  to  velocity 
information  could  better  be  determined  Phase  III  was  repeated  with  three 
additional  frequencies  being  tested.  Figure  3  shows  the  results  of  this 
replication.  The  opened  circles  in  Figure  3(a)  show  the  mean  ratio  of  G- 
seat  (ALCOGS)  motion  to  visual  motion  at  each  frequency.  The  filled  circles 
in  Figure  3(a)  show  the  mean  ratio  of  RATS  motion  to  visual  motion.  The 
ratio  of  the  mean  for  the  G-seat  (ALCOGS)  to  that  for  the  RATS  at  each 
frequency  is  shown  by  the  diamonds  in  Figure  3(a).  Figure  3(h)  shows  the 
same  data,  however,  the  ratio  of  G-seat  (ALCOGS)  to  RATS  was  calculated  for 
each  subject  individually  and  then  the  resulting  ratios  were  averaged 
across  subjects.  The  pattern  of  results  is  similar  in  either  case.  This 
pattern  suggests  that  the  optimal  algorithm  for  driving  the  ALCOGS  is  the 
combination  of  position  and  velocity  shown  in  Equation  9: 

0RATS  s  *67  ^ ALCOGS  ♦  *n  P ALCOGS  (9) 

This  algorithm  was  used  to  drive  the  ALCOGS  seat-pan  in  the  training 

part  of  Phase  IV  of  this  study.  Figure  4  compares  the  RMS  error  across 
trials  for  subjects  using  the  new  algorithm  (solid  lines)  against  results 
from  previous  studies  (dotted  lines)  in  which  subjects  were  trained  using 
either  a  static  display  (S),  a  position  drive  algorithm  (P)  in  the  ALCOGS, 
a  velocity  drive  algorithm  (V)  in  the  ALCOGS,  or  the  whole-motion 
environment  of  the  RATS  (R).  The  first  20  sessions  shown  in  Figure  4 
represent  the  training  phase  and  sessions  21-30  represent  the  transfer 
phase.  All  subjects  were  in  the  whole-body  motion  environment  of  the  RATS 
for  the  transfer  phase.  As  can  be  seen  from  Figure  4,  the  new  algorithm 
resulted  in  training  performance  which  was  more  similar  to  performance  in 
the  RATS  than  either  of  tne  other  drive  algorithms  (position  or  velocity). 
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Figure  3:  Magnitude  estimates  obtained  at  six  frequencies 
(0.08  Hz,  0.16  Hz,  0.25  Hz,  0.48  Hz,  and  1.11  Hz) 
in  replication  of  Phase  III. 
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However,  transfer  to  the  RATS  was  no  better  with  the  new  algoritha  than 
with  any  of  the  previous  algorithms  or  even  than  with  a  static  visual 
presentation  (no  motion). 


The  difference  in  performance  between  the  subjects  who  used  the 
display  shown  in  Figure  1(a)  (moving  plane — P)  and  those  who  used  the 
display  shown  in  Figure  1(b)  (moving  reference  line — H)  may  be  indicative 
of  individual  differences  rather  than  any  real  superiority  of  one  display 
over  the  other.  Because  of  the  small  sample  siase  (2  subjects  per 
condition),  these  differences  may  not  be  reliable.  Surprisingly,  the  two 
alternative  visual  displays  did  not  seem  to  differentially  affeot  the 
transition  between  simulators. 

IV.  RECOMMEKPATIOKS 

It  appears  that  the  type  of  motion  oues  presented  in  the  ALCOOS  and 
interestingly,  the  type  of  visual  oues  presented  in  the  ALCOOS  have  little 
consequence  for  latter  performance  in  the  RATS.  This  suggests  that  there 
may  be  another  factor  whose  effect  masks  any  benefits  resulting  from 
training  in  the  ALCOGS.  This  other  factor  may  be  an  increase  in  anxiety  in 
the  RATS  due  to  the  relative  severity  of  large  errors  in  this  simulator  as 
compared  to  the  ALCOOS.  The  range  of  movement  and  the  amount  of  Jostling 
the  subject  can  potentially  receive  is  much  greater  for  the  RATS  than  for 
the  ALCOGS.  To  test  whether  this  hypothesis  is  correct,  it  is  recommended 
that  subjects  should  be  trained  in  the  RATS  and  then  transferred  to  the 
ALCOGS.  Transfer  in  this  direction  should  not  be  contaminated  by  increased 
subject  anxiety.  Transfer  to  the  ALCOGS  should  be  best  with  the  motion 
algorithm  and  the  visual  display  which  are  most  similar  to  the  subject's 
perceptions  in  the  RATS. 
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The  relatively  close  match  between  performance  with  the  algorithm 
derived  using  the  SIGMA  technique  and  the  performance  in  the  RATS  suggests 
that  this  technique  may  be  a  useful  tool  for  matching  information  displays 
in  continuous  control  tasks.  However,  it  is  possible  that  similar 
performance  matches  might  be  achieved  by  increasing  the  gain  on  the 
position  or  velocity  algorithms.  Additional  testing  is  necessary  using 
other  types  of  displays  before  a  confident  verdict  can  be  made  as  to  the 
usefulness  of  this  procedure. 

In  conclusion,  there  are  three  recommendations  for  continuing 
this  research  effort. 

1)  Repeat  the  tracking  phase  of  the  study  reported  here  Including  four 
more  subjects  in  each  of  the  two  visual  display  conditions.  This  is  needed 
so  that  reliable  comparisons  can  be  made  with  previous  studies  and  between 
the  two  visual  displays. 

2)  Conduct  an  additional  study  reversing  the  order  of  tasks.  That  is, 
train  subjects  in  the  RATS  and  transfer  them  to  the  ALCOGS.  Different 
subjects  should  receive  different  motion  algorithms  and  visual  displays  in 
the  ALCOGS.  Subjects  with  the  motion  algorithm  and  visual  display  most 
similar  to  perceptions  in  the  RATS  should  show  the  smoothest  transition 
between  simulators. 

3)  Test  the  SIGMA  procedure  in  another  domain  with  different  types  of 


cross-modality  displays 
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Introduction 


The  solution  of  the  problem  of  automatic  recognition  of  high  value 
targets  in  FLXR  images  is  of  obvious  lmportanoe  to  the  (JSAF.  The 
ability  of  a  seeker  to  "look  on  after  launoh*  would  help  to  ensure  the 
safety  of  American  pilots.  An  automatic  target  recognition  system  oust 
use  seene  content  to  olasslfy  objects.  Using  contextual  information 
serves  to  localize  the  target  search  ares,  therefore  decreasing  the 
number  of  pixels  to  be  processed.  Thus,  techniques  need  to  be  developed 
to  extract  and  utilize  contextual  information.  (1) 

Generally  the  first  step  in  extracting  Information  is  that  of 
segmenting  the  Image  into  subregions.  The  real  time  benefit  of  scene 
segmentation  is  that  certain  uninteresting  subregions  of  the  image  can 
be  discarded  while  the  remaining  interesting  subregions  can  then  be 
examined  more  olosely,  but  requiring  muoh  less  computation.  Artificial 
intelligence  techniques  can  then  be  used  to  decide  which  features  should 
be  oomputed  for  a  given  subregion  and  how  to  interpret  the  interaction 
of  speolfio  measurements  for  the  oomputed  features. 

Many  types  of  segmentation  techniques  exist.  Edge-based 
segmentation  is  one  oommon  type.  The  basic  idea  of  edge-based 
segmentation  is  to  outline  the  objects  in  the  image  and  then  use  shape 
information  and/or  information  available  in  the  "neighborhood"  of  an 
edge  to  olassify  objeots.  Gome  examples  of  edge  based  segmentation  can 
be  found  in  (2).  Region  based  segmentation  is  another  tyoe.  This 
technique  groups  pixels  into  regions  whioh  are  homogeneous  with  respect 
to  some  measure.  Examples  of  region  based  segmentstion  can  be  found  in 
the  extended  bibliography.  After  segmentation,  either  the  target  should 
be  contained  in  one  of  the  remaining  subregions,  or  the  remaining 
subregions  should  Include  sufficient  contextual  Information  so  that 
further  relationship  analysis  will  permit  potential  target  subregions  to 
be  identified.  In  either  case,  further  analysis  is  generally  required 
before  a  final  deoislon  is  made  as  to  which  subregions  are  most 
tsrget-llke.  The  problem  now  is  to  determine  whioh  type  of  segmentation 
technique  best  applies  to  segment  a  large  variety  of  images  containing 


high  value  targets 


RESEARCH  GOALS  AND  OBJECTIVES 

The  research  objectives  for  the  Sumner  Research  period  are: 

1)  To  Investigate  existing  segmentation  techniques  related  to  the 
automatic  recognition  of  bridges  in  FLIR  imagery; 

2)  To  determine  features  that  can  be  used  to  characterize  bridges 
in  FUR  Imagery; 

3)  To  modify  existing  algorithms  or  develop  new  algorithms 

for  segmentation  and  feature  extraction  to  make  them  particu¬ 
larly  applicable  to  bridge  recognition; 

4)  To  implement  the  algorithms  in  3)  on  the  computer  and  test 
them.  This  software  will  be  modular  so  that  it  can  be 
changed  and/or  expanded. 

III.  General  Outline  of  the  Approach 

This  section  presents  a  general  outline  of  the  algorithm  which  was 
implemented.  The  details  of  each  part  of  the  algorithm  will  be 
presented  in  sections  IV-VI. 

Edge-based  segmentation  is  used  rather  than  region-based 
segmentation  because: 

1)  Bridges  do  not  generally  constitute  large  regions  in  an 

image. 

2)  The  fact  that  the  edges  of  a  bridge  have  opposite  change  in 
contrast  can  be  exploited. 

The  first  stage  of  the  algorithm  is  convolution  with  a  set  of  six 
edge  masks,  each  mask  having  two  directions  associated  with  it.  The 
resulting  edge  image  is  thinned  and  thresholded  using  both  magnitude  and 
directional  Information.  The  thinned  edges  are  then  approximated 
piecewise  by  directed  line  segments.  Next,  the  directed  line  segments 
are  grouped  in  pairs,  each  pair  consisting  of  directed  line  segments 
whose  directions  differ  by  approximately  180°  (called  "Revpars")  and  are 
"dose"  to  each  other.  In  the  case  of  a  0°/l80°  pair  the  region  outside 
the  pair  of  line  segments  is  oheoked  for  the  existence  of  water. 

The  output  of  the  algorithm  is  a  collection  of  pairs  of  directed 
line  segments  which  satisfy  certain  contextual  relationships.  These 


pairs  of  line  segments  represent  possible  bridges 
IV.  The  Edge  Detection  and  Thinning 


A.  The  Edge  Masks 

The  algorithm  originally  used  the  set  of  six  5x5  masks  as  shown  in 
Figure  la.  The  original  image  is  convolved  with  each  mask  yielding  six 
possible  edge  values  for  each  pixel.  Each  resultant  pixel  for  the 
convolved  image  is  assigned  the  value  with  the  largest  magnitude  and 
either  assigned  the  direction  0  associated  with  that  mask  if  the  value 
is  positive,  or  (0+180°)  (modulo  360°)  if  the  value  is  negative.  Thus, 
at  the  end  of  the  convolution  stage  each  pixel  of  the  original  image  has 
both  a  magnitude  and  direction  associated  with  it. 

The  reason  the  5x5  masks  were  used  was  that  they  offered  twelve 
possible  directions.  The  other  edge  masks  that  were  investigated 
offered  only  eight:  0°,  45°,  ...,  345°.  Eight  directions  did  not 
result  in  enough  directional  sensitivity.  Consider  the  following:  A 
bridge  is  oriented  in  an  image  at  approximately  60-65  degrees.  The  top 
edge  is  labelled  as  a  90°  edge  and  the  bottom  edge  is  labelled  as  a  225° 
edge  (as  opposed  to  a  270°  edge).  In  order  to  classify  the  pair  as  a 
possible  bridge  one  would  have  to  define  line  segments  whose  directions 
differ  by  180°  +  45°  as  reverse  parallel  line  segments.  But  then  an 
actual  110°  edge  and  an  actual  210°  edge  would  be  considered  as  reverse 
parallel  line  segments,  which  is  absurd.  Therefore,  the  use  of  an  8 
direction  mask  does  not  provide  the  required  directional  sensitivity. 

The  5x5  masks  have  the  disadvantage  of  being  insensitive  to  fine 
detail.  Detail  is  Important  in  bridge  olassifioation  because: 

1)  Bridges  from  long  range  (3-6  miles)  comprise  a  very  small 
percentage  of  the  total  image  but  it  is  highly  desirable  to  isolate 
subregions  of  the  original  image  which  may  contain  bridges  at  this 
range.  There  would  then  be  time  for  more  intense  localized  processing 
on  each  of  the  smaller  subregions. 

2)  Hany  bridges  have  superstructures  and  substructures  which 
can  be  used  as  features  for  classification.  The  structures  appear  as 
fine  details  in  FUR  images. 

The  3x3  edge  masks  have  much  more  sensitivity  to  detail  than  the  5x5 


edge  nasks.  By  sinply  "peeling  off"  the  outside  layers  of  the  5x5  aasks 
(see  figure  l.b)  we  obtslned  a  set  of  3x3  edge  aasks  which  were 
satisfactory  in  the  following  sense: 

1)  Edges  that  were  picked  up  by  the  5x5  aasks  were  picked  up 
by  the  3x3  aasks. 

2)  More  details  were  pioked  up  than  with  the  5x5  aasks. 

3)  The  aasks  were  tested  on  synthetio  data  and  were  able  to 
detect  12  directions  in  a  consistent  fashion.  For  exanple,  on  a  120° 
line,  convolution  with  the  120°  Bask  produoed  a  larger  aagnitude  than 
convolution  with  the  other  aasks. 

Thus  the  3x3  edge  aasks  were  iapleaented  also.  The  user  can  choose 
either  the  5x5  or  3x3  assks. 

B.  Thinning  end  Thresholding 

The  convolved  laage  is  thresholded  with  the  threshold  level,  T, 
being 

determined  by 

T  *  X  +<*S 

where  X  is  the  mean  of  the  edge  aagnitudes,  S  is  the  standard  deviation, 
and  c*  is  a  parameter  which  can  be  set  by  the  user.  Experimental  results 
indicate  that  the  bridge  pixels  at  aedlua  and  long  range,  or  about 
13,000-30,000  feet,  have  low  to  aedlua  edge  aagnitudes.  Therefore,  the 
threshold  could  not  be  set  very  high.  The  low  threshold  resulted  in  a 
large  number  of  "noise"  edge  pixels  (see  figure  2),  many  of  which  had 
roughly  the  same  edge  magnitudes  as  the  bridge  pixels.  The  difference 
between  the  bridge  pixels  and  the  noise  pixels  is  that  the  bridge  pixels 
fora  connected  component  edges.  Thus,  the  average  edge  aagnitude  in  a 
3x3  window  of  a  bridge  pixel  tends  to  be  significantly  higher  than  that 


of  a  "noise”  pixel.  For  this  reason,  a  local  averaging  operation  was 
performed  on  the  convolved,  thresholded  edge  image,  while  retaining  the 
original  edge  magnitudes  to  prevent  blurring.  The  averaged  edge  image 
is  then  thresholded  again  at  the  sane  threshold.  The  thresholded 
averaged  edge  image  is  then  reduced  to  a  binary  image  by  setting  the 
nonzero  elements  equal  to  one.  The  resulting  binary  image  is  then 
multiplied  by  the  convolved  thresholded  binary  edge  image.  The  user  of 


the  program  has  the  option  of  thresholding,  setting  the  parameter  , 
performing  the  looal  averaging,  and  setting  the  threshold  parameter  for 
the  second  threshold  independently  of  the  first.  Notice  that  the  local 
averaging  operation  could  be  performed  before  the  first  threshold  is 
applied,  but  this  may  cause  pixels  "close"  to  an  edge  to  have 
artiflolally  high  edge  magnitudes. 

The  original  thinning  algorithm  used  was  that  of  Nevatia  and  Babu 
(2).  Experimental  results  indicated  that  these  thinning  conditions 
were  too  harsh  for  our  purposes.  In  particular,  bridge  pilings  and 
bridges  from  long  and  medium  range  are  sometimes  two  pixels  wide  and 
edges  which  are  side  by  side  cannot  be  retained  with  the  original 
thinning  algorithm.  Therefore,  Nevatia  and  Babu’s  original  decision 
rules  were  modified  and  new  decision  rules  were  added.  The  final 
version  of  the  thinning  algorithm  deolares  an  edge  element  to  be  present 
at  a  pixel  if: 

1)  The  edge  directions  of  the  two  neighbors  which  are  in  a 
position  normal  to  the  direction  of  the  center  edge  pixel  under 
consideration  are  within  30°  of  this  oenter  pixel  under  consideration  or 
the  magnitudes  of  these  neighbors  are  both  zero,  and 

2)  The  output  edge  magnitude  at  the  center  pixel  is  greater 
than  the  edge  magnitudes  of  the  two  neighbors.  (The  normal  to  a  30° 
direction  is  approximated  by  the  diagonals  on  a  3x3  grid.) 

or 

1)  One  of  the  previously  mentioned  neighboring  pixels  is 
within  30°  of  the  opposite  direction  of  the  oenter  pixel  and  the  other 
neighbor  is  within  30°  of  the  oenter  pixel  under  consideration  and 

2)  The  oenter  edge  pixel  is  a  looal  maximum  with  respect  to 
its  neighbor  in  the  same  direction. 

In  addition,  a  smoothing  operation  performed  on  the  direction 
array.  The  smoothing  operation  is  performed  before  thinning.  The 
following  illustrates  the  implementation  of  the  smoothing  operation.  If 
a  30°. direction  potential  edge  element  has  neighbors  in  positions  1  and 
5  (see  Figure  5)  whose  directions  are  both  0°,  then  the  30°  potential 
edge  element  is  changed  to  a  0°  direction.  This  procedure  is  used  to 
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Figure  3a.  Original  isage. 


The  extraction  of  line  segments  from  the  thinned  image  is 
accomplished  in  two  stages.  The  first  step  chooses  neighbors  preceding 
and  following  an  edge  pixel,  and  the  second  step  links  pixels 
sequentially  in  line  segments,  labelling  the  line  segments  by  their  end 
points.  The  method  is  a  slight  variation  from  the  line  linking  routine 
in  (2). 

First,  the  neighboring  edge  pixels  preceding  and  following  a  given 
edge  pixel  are  determined,  called  predecessors  and  successors, 
respectively.  Two  pixels  are  labelled  as  successors  and  two  as 
predecessors  for  a  given  pixel.  The  neighbors  lie  in  one  of  eight 
positions  relative  to  the  edge  pixel,  as  labelled  below: 

4  3  2 

5  X  1 

6  7  8 

Figure  5 

One  step  of  the  thinning  prooess  possibly  eliminates  the  two  pixels 
in  the  direction  perpendioular  to  the  edge  pixel  direction.  Thus,  an 
edge  pixel  looks  for  possible  successors  in  the  remaining  three 
positions,  whloh  point  in  the  general  direction  of  the  edge  pixel 
direction.  For  example,  if  the  edge  pixel  has  30°  direction,  then 
possible  successors  lie  in  positions  1,  2,  and  3. 

A  pixel  is  retained  Initially  as  a  possible  successor  if  the  - 
following  two  conditions  are  met: 

1)  Its  magnitude  is  not  equal  to  zero; 

2)  Its  direction  lies  within  30°  of  the  direction  of  the  edge 


pixel 


If  only  one  pixel  satisfies  these  conditions,  then  there  is  only  one 
suooessor.  If  there  are  two  suoh  pixels,  then  the  pixel  with  the 
greater  nagnitude  is  the  primary  suooessor  and  the  remaining  one  is  the 
secondary  successor.  If  there  are  three  pixels  satisfying  these 
conditions,  then  the  primary  suooessor  is  the  one  whose  Euclidean 
distance  to  the  edge  pixel  is  a  minimal.  In  this  case,  the  second 
successor  is  the  one  whose  direction  is  different  from  the  primary 
suooessor' s  direction. 

Predecessors  are  chosen  by  the  same  method  as  for  successors.  For 
example,  in  the  case  where  the  edge  pixel  has  0°  direction,  its 
successors  would  be  located  in  positions  8,  1,  or  2  and  its  predecessors 
located  in  position  4,  5  or  6.  Note  also  that  if  a  pixel  A  has  a 
successor  B,  then  A  is  a  predecessor  of  B. 

The  output  from  this  subroutine  is  four  arrays,  eaoh  of  whose 
dimension  is  the  same  as  the  original  image,  and  whose  entries  are 
numbers  from  0  to  8  representing  that  pixel's  suooessors  and 
predecessors.  Zero  designates  that  a  pixel  has  no 
predecessor/successor. 

It  was  discovered,  at  too  late  a  date  to  rewrite  the  code,  that  the 
predecessor  array  could  be  generated  almost  directly  from  the  successor 
array.  This  would  approximately  cut  in  half  the  amount  of  code  needed 
for  this  subroutine. 

The  second  step  uses  the  successor  and  predecessor  arrays  to  link 
the  pixels  sequentially  in  line  segments.  The  output  from  this 
subroutine  is  two  arrays,  one  containing  the  X  coordinates  of  the 
endpoints  of  the  line  segments,  and  the  other  containing  the  T 
coordinates  of  the  endpoints  of  the  line  segments.  The  line  segments 
are  directed,  as  the  masks  that  determine  the  pixels'  directions  have 
twelve  possible  directions. 

Starting  from  the  top  left-hand  oorner,  an  edge  pixel  that  has  no 
predeoessor  is  found.  The  primary  suooessors  are  followed  from  this 
initial  pixel.  If  the  initial  pixel  has  more  than  two  suooessors,  then 
a  line  segment  is  oonstruoted,  with  the  initial  pixel  being  one  end 
point  and  the  third  successor  being  the  other  end  point.  For  eaoh 
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successor  that  Ilea  between  the  two  end  points,  the  distance  between  it 
and  the  line  segment  is  checked.  If  each  intermediate  successor  has  a 
distance  to  the  line  segment  of  one  unit  or  less,  then  the  next 
successor  of  the  present  endpoint  is  located.  This  successor  becomes 
the  end  point  of  an  extended  line  segment  whose  other  end  point  is  still 
the  initial  pixel.  Again,  the  distances  of  esch  intermediate  successor 
to  the  newly  constructed  line  segment  is  oheoked,  and  if  each  distance 
is  less  than  or  equal  to  one  unit,  then  the  process  continues  to  find 
the  next  successor,  create  a  new  line  segment,  check  distances  of  the 
intermediate  successors,  etc.  If  at  any  time  the  distance  from  an 
intermediate  successor  to  the  present  line  segment  is  greater  than  one 
unit,  the  process  stops.  The  end  points  of  a  line  segment  are  output, 
with  the  starting  point  having  the  coordinates  of  the  initial  pixel,  and 
the  terminal  point  having  the  coordinates  of  the  next  to  the  last 
successor  checked.  This  terminal  point  becomes  the  initial  pixel  of  a 
new  line  segment,  and  successors  are  traced  from  it  as  described  above, 
until  a  pixel  with  no  successors  is  reached.  This  pixel  is  always  the 
last  of  the  successors  of  our  Initial  pixel.  Overlapping  the  endpoints 
of  the  line  segments  in  this  manner  will  avoid  creating  gaps  in 
otherwise  continuous  boundaries. 

If  two  pixels  have  the  same  point  as  a  primary  predecessor,  then 
there  exists  a  "fork"  in  the  line  segment  being  traced.  Since  only  the 
first  successors  are  traced,  the  line  segments  described  by  following 
the  second  successor  would  be  omitted  by  the  above  line  tracing 
algorithm.  This  situation  is  avoided  by  making  a  first  pass  at  the  data 
and  changing  the  primary  predecessor  array  as  follows:  Let  A  and  B 
denote  the  two  pixels  with  C  as  a  common  predecessor,  and  let  the  arrows 
in  Figure  (6)  denote  the  direction  of  the  respective  pixels.  The  second 
successor  of  C  is  found;  suppose  it  is  B.  The  predecessor  of  B  (namely 
C)  is  changed  to  zero,  that  is,  B  is  no  longer  considered  to  have' a 
predecessor.  Thus,  when  the  pixel  B  is  checked  to  see  if  it  has  a 
predecessor,  it  will  not,  and  thus  s  line  segment  will  be  Initialized  at 
pixel  B. 
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Initial  primary 

successor 

predecessor 

array 

array 
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Final  primary 

successor 

predecessor 

array 

array 

Figure  6 

After  the  last  pixel  in  a  sequence  of  successors  is  reached,  i.e., 
the  pixel  has  no  successor,  the  search  resumes  for  the  next  pixel  that 
has  no  predecessor.  The  output  is  arranged  in  the  following  manner: 
X(1)  Y(1)  X(2)  Y(2) 

X(3)  Y(3)  X(M>  Y(4) 


X(2n-1)  Y(2n-1 )  X(2n)  Y(2n> 

where  (X(2i-1),  Y(2i-1)  are  coordinates  of  the  initial  pixel  of  the  ith 
line  segment,  and  (X(21),  T(2i)  are  the  coordinates  of  the  terminal 
pixel  of  the  ith  line  segment,  for  i  =  1,  ...,  n,  where  n  equals  the 
number  of  line  segments  in  the  image. 

VI.  Finding  Reverse  Parallel  Line  Segments. 

This  stage  of  the  algorithm  groups  the  directed  line  segments,  into 
pairs.  Two  directed  line  segments  will  be  grouped  into  a  pair,  or 
labelled  a  Revpar,  if  the  following  conditions  are  satisfied: 

1)  They  have  approximately  opposite  directions. 

2)  The  "distance"  between  them  is  less  than  a  parameter  BW 


which  can  be  set  by  the  user. 

3)  They  overlap. 

Before  explaining  how  the  conditions  are  checked  it  is  important  to 
point  out  that  the  (x,y)  coordinates  of  a  point  denote  the  position  of 
the  point  in  an  array,  which  is  not  the  usual  x,y  coordinate  system 
(figure  7).  Therefore,  if  orientation  is  to  be  measured  from  the 
horizontal,  many  familiar  formulas  appear  different.  For  example  the 
slope  of  the  line  passing  through  the  points  (Xj,yj),  is  given 

by 

Slope  =  x1-*2 

2  1 
y  -y 

The  change  from  the  usual  coordinate  system  into  the  new  coordinate 
system  is  accomplished  by  the  transformation  (x,y)(y,-x).  Thus  a 
formula  in  the  new  coordinate  system  can  be  found  by  applying  the  above 
transformation  to  the  familiar  formulas. 

Condition  1 )  is  checked  by  first  computing  the  slopes  of  the 
directed  line  segments.  The  arctangent  of  the  slope  is  computed.  If 
the  result,  V,  is  negative  then  180°  is  added  to  W  so  that  w  will  be 
between  0°  and  180°.  Let  0  be  the  direction  associated  with  the  initial 
point  of  the  line  segment.  Then  if 

|d-W  |  >  30° 

then  W’s  rf+180°,  otherwise  W'  s  W.  This  procedure  preserves  reverse 
orientations.  At  this  point  in  the  algorithm  the  nth  line  segment  has  a 
direction  associated  with  it.  The  algorithm  then  labels  two  line 

segments,  LR  and  La,  as  a  Revpar  if 

’«°  K  - I  *  '»*• 

Condition  2)  is  checked  only  if  condition  1)  is  satisfied.  The 

"distance”between  two  directed  line  segments,  L  and  L  ,  is  actually  the 

n  in 

distance  between  the  line  determined  by  LR  (for  example)  and  the  initial 
point,  <x2m_rY2m-1),  of  L  . 

m 

Condition  3)  is  cheoked  only  if  condition  2)  is  satisfied.  The 
0°/l80°  and  90°/270°  degree  cases  are  straightforward.  The  30°/210° 
will  be  presented  here,  the  other  cases  being  similar.  Figure  8  shows 
what  is  meant  by  a  pair  of  overlapping  directed  line  segments.  The 


30°/210°,  60°/240°,  120°/300°,  and  150°/330°  cases  require  four  ohecks 

to  determine  if  they  do  not  overlap.  Let  Ln  be  a  directed  line  segment 

with  endpoints  (X^^  (X2n.X2n)  and  Ln  be  a  directed  line 

segment  with  endpoints  (Xg^ iX2bh1 •  (X2m,Y2m**  AssuBe  that  wn’  is 

approximately  30°  and  that  the  pair  (L  -L  )  satisfy  conditions  1)  and 

n  m 

2).  Also,  let  DBL  be  the  "distance"  between  them.  Then  (L  ,L  )  will  be 

n  m 

said  to  overlap  if  the  following  four  conditions  are  false. 

VI.  A.  Figure  9a. 
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Figure  9b. 
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Figure  9o. 
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Figure  9d. 
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The  outputs  at  this  stage  of  the  algorithm  are: 

1)  An  nxn  binary  array,  where  n  is  the  number  of  line  segments 
detected.  If  (L^.Lj)  is  a  Revpar  then  the  ijth  entry  of  the  array  is  a 


2)  The  original  image  with  the  pixels  that  are  part  of  a 
Revpar  highlighted.  This  image  oan  be  displayed  on  the  Deanza  and 
hardcopy  produced  (see  Figurea  2-4). 

VII.  Labelling  Line  Segments  as  Bridge  Edges 


The  final  step  of  the  algorithm  is  to  use  contextual  information 
to  determine  if  any  of  the  reverse  parallel  lines  are  possible  bridges. 
Many  bridges  pass  over  water,  so  the  presence  of  water  around  a  Revpar 
would  Increase  the  confidence  that  a  Revpar  represents  a  bridge.  The 
mean  and  standard  deviation  are  used  as  features  to  classify  water. 
Presently,  this  statistical  data  is  gathered  by  processing  the  picture 
separately  with  a  statistical  processing  package  available  from  the 
Image  Processing  Lab.  It  is  feasible  that  the  statistical  data  could  be 


Kerated  from  an  Internal  subroutine;  however,  our  ten-week  appointment 
-is  summer  was  too  short  to  permit  us  to  do  so. 

A  pair  of  reverse  parallel  lines  are  inspeoted  to  determine  where 
:aey  "overlap,"  in  the  sense  of  the  previous  chapters.  Then  one  or  both 
lines  are  traced,  on  the  portions  where  they  overlap,  by  following 
successors.  At  eaoh  edge  pixel,  the  mean  average  and  standard  deviation 
for  a  given  neighborhood  are  calculated,  with  the  neighbor  array  values 
oaken  from  the  original  image  and  the  neighborhood  on  the  outaide  of  the 
lines.  If  the  results  are  within  certain  tolerances  previously 
determined  by  the  user,  the  edge  pixel  is  deolared  to  be  a  bridge  pixel. 
For  the  case  where  the  pair  of  reverse  parallel  lines  are  0°  and  180°, 
the  only  edge  pixels  checked  are  those  that  are  along  the  lower  line, 
the  line  segment  closest  to  the  bottom  edge  of  the  image.  See  Figure 
(10)  for  the  0°  neighborhood.  The  assumption  made  here  is  that  if  a 
bridge  over  water  is  approaohed  ao  it  appears  to  be  parallel  to  the 
horizon,  then  there  most  probably  will  be  water  "in  front  of”  the 
bridge,  relative  to  the  viewer.  It  was  observed  that  sometimes  the 
contour  of  the  land  directly  "behind”  the  bridge  (relative  to  the 
viewer)  was 

Neighborhood  for  edge  pixel  on  a 
0°/180°  line  segment 
Figure  (8) 

"dose”  to  the  bridge  so  that  neighborhoods  on  the  region  of  the  upper 
line  edge  pixels  would  overlap  on  what  was  land,  and  thus  the  statistics 
would  be  outside  the  set  tolerances.  A  suggestion  for  a  future 
Improvement  might  be  to  check  for  water  next  to  both  lines,  with  the 
upper  line  increasing  the  confidence  it  is  a  bridge  if  those  edge  pixels 
are  deolared  bridge  pixels  in  addition  to  the  edge  pixels  on  the  lower 
line. 

This  is  the  only  oase  coded  at  the  present  time.  The  remaining 
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five  oases,  for  the  reverse  parallel  lines  30°  -  210°,  60°  -  2*0°,  etc., 
are  similar  to  the  0°/180°  ease.  Unfortunately,  time  ran  short  to  code 
and  debug  these  last  oaaes. 

VIII.  Recommendations . 

The  Fortran  program  that  implements  the  algorithms  developed  to 
detect  bridges  on  data  gathered  by  Texas  Instruments,  Inc.,.  (TI),  is 
located  in  the  Image  Processing  Lab  (IPL)  at  Eglln  AFB.  A  user's  guide 
is  available  which  will  help  the  user  to  set  parameters  for  the  purpose 
of  experimentation.  The  program  was  designed  to  operate  specifically  on 
TI  images  as  provided  by  the  IPL;  however,  with  only  slight 
modifications,  it  will  process  other  imagery  whose  dimensions  are  less 
than  or  equal  to  120x360. 

Bridges  in  FLIR  images  appear  to  have  intensities  which  are  local 
maximums  in  the  direction  orthogonal  to  the  edges  of  the  bridge.  A 
simple  procedure  could  be  used  to  check  if  a  Revpar  has  this  property. 

A  line  segment,  L,  can  be  constructed  which  passes  through  the  midpoints 
of  the  overlapping  parts  of  the  Revpar.  The  midpoint  of  L  would  be 
halfway  between  the  line  segments  which  make  up  the  Revpar.  The 
endpoints  can  be  chosen  outside  of  the  bridge,  A  parabola  can  then  be 
fit  through  the  Intensity  values  of  these  three  points.  Only  the 
leading  coefficient  of  the  interpolating  polynomial  needs  to  be  checked. 
If  the  coefficient  is  positive  then  the  Revpar  is  probably  not  a  bridge, 
if  the  coefficient  is  negative  then  the  Revpar  could  be  a  bridge. 

The  line  segment  approximation  subroutine  could  be  simplified. 
Presently  the  algorithm  approximates  the  edges  by  extending  a  line 
segment  to  the  successor  of  an  endpoint  and  then  checking  the  distances 
of  all  the  points  that  are  already  on  the  line  segment  to  the  new  line 
segment.  This  procedure  involves  many  computations  of  distance,  which 
is  inefficient.  If  a  characterization  of  what  is  considered  a  line 
segment  by  the  algorithm  could  be  found  using  the  octal  chain  code,  then 
the  computation  time  may  possibly  be  decreased  significantly. 

it  would  be  desirable  to  be  able  to  extend  the  program  to  include 
locating  bridges  over  other  terrain.  This  is  feasible  due  to  the 
modular  structure  of  the  program.  Up  through  finding  reverse  parallel 


line  segments,  the  algorithm  does  not  use  contextual  Information 
oonoerrnlng  the  immediate  surroundings  of  the  Revpar.  Subroutines  could 
be  added  so  that  if  oertain  conditions  were  satisfied,  the  appropriate 
subroutine  would  be  oalled  to  use  oontextual  information  to  determine  if 
the  line  segments  constitute  a  bridge  over  a  specific  terrain,  as  for 
example,  over  railroad  tracks. 

Other  contextual  and  geometric  information  can  be  utilized  to 
increase  the  confidence  a  bridge  is  looated.  Super-  and  substructures 
can  be  classified.  The  periodicity  of  bridge  pilings  which  occur  at 
regular  intervals  may  be  able  to  be  utilized. 

The  fact  that  bridges  usually  connect  homogeneous  regions  may  be 
utilized.  For  example,  narrow  peninsulas  in  bodies  of  water  are  often 
detected  as  possible  bridges,  which  is  undesirable.  Bridges  also  result 
in  discontinuities  of  the  objeots  they  cross.  This  is  taken  advantage 
of  as  in  the  case  of  bridges  over  water.  Another  example  is  a  bridge 
over  a  road  disconnects  the  roads  it  crosses  over.  Thus,  examining 
scene  content  and  geometric  details  in  the  area  of  the  reverse  parallel 
lines  will  aid  in  detecting  bridges  in  various  contexts. 

The  algorithm  could  be  applied  to  other  fixed  high  value  targets. 
Immediately  before  the  algorithm  looks  for  REVPAR* s  the  image  has  been 
segmented  into  directed  line  segments.  These  direoted  line  segments 
could  be  used  as  "primitives'*  for  further  analysis.  A  runway  could  be 
described  in  terms  of  directed  line  segments.  In  fact,  any  object  whose 
shape  can  be  approximated  by  a  polygon  can  be  described  in  terms  of 
directed  line  segments.  Thus  the  possibilities  for  other  applications 
of  modifications  of  the  algorithm  are  good. 


IX.  Results 

The  algor ithn  processed  60  images,  37  of  which  were  inspected 
closely.  For  each  input  image,  the  output  was  two  images,  one  image 
containing  the  thinned  edges  and  the  other  image  containing  the  reverse 
parallel  lines.  These  images  were  hardcopied  and  put  in  a  large  binder, 
available  from  the  IPL.  Of  the  37  thinned  images,  17  retained  90}  or 
more  of  the  target  edge  pixels.  Eighteen  retained  partial  edges  of  the 
target.  Partial  edges  are  any  edges  up  to  90}  of  the. total  target  edge 
pixels.  Of  the  37  revpar  images,  14  retained  90}  or  more  of  the  target 
edge  pixels,  and  20  retained  partial  edges  of  the  target.  Of  the  35 
thinned  images  that  retained  any  target  edge  pixels,  nearly  all  (90})  of 
the  detected  target  edges  were  present  in  the  corresponding  revpar 
images.  The  results  are  contained  in  the  table  below: 

No.  of  Percent 

Images/35 


Whole  edge  of  target  in 

Thinned  Image  17  491 

Partial  edge  of  target  in 

thinned  image  18  51 X 

Total  35  1001 

Whole  edge  of  target  in 

revpar  image  14  40) 

Partial  edge  of  target 

in  revpar  image  18  511 

Total  32  911 


The  algorithm  seemed  to  detect  targets  at  long  range  where  there  is 
less  detail.  This  is  probably  partially  due  to  the  line  segmentation 
subroutine,  which  kept  line  segments  from  2  pixels  in  length  and  longer. 
Therefore,  closer  to  the  target  where  edges  are  likely  to  have  more 
detail,  short  line  segments  describing  these  edges  were  numerous  and 
seemed  to  "clutter"  the  image. 

Of  the  four  images  where  the  water  checking  subroutine  was  run,  the 


revpars  kept  did  lnelude  target  pixels.  See  Figures  for  these 

results. 

The  algoritha  does  an  excellent  Job  of  detecting  edges  where  there 
is  a  reasonable  amount  of  contrast.  The  reverse  parallel  lines  are  alao 
fairly  well  deteoted.  Hopefully,  these  two  procedures  provide  much 
information  which  can  be  utilized  to  continue  development  on  a  fairly 
high  confidence  bridge  detection  algorithm. 


Appendix  A  -  Program  Users  Guide 


This  sppendix  has  four  pertss  how  to  run  the  program,  e  flow  chert 
of  the  program,  and  a  list  of  subroutines  with  a  brief  description  of 
what  each  subroutine  does,  and  an  indexed  list  of  images. 

Anyone  wishing  to  use  the  program  is  advised  to  read  the  main  body 
of  the  report  and  then  examine  the  flow  ohart  (Figure  A).  The  program 
is  designed  to  be  experimental,  and  therefore  there  are  parameters  which 
the  user  can  set  and  subroutines  which  the  user  can  choose  to  use  or  not 
use.  In  order  to  set  the  parameters  and  choose  the  routines  to  use  one 
should  have  a  clear  idea  of  how  the  program  works. 

1.  How  to  Run  the  Program 

The  program  is  designed  to  operate  on  the  bridge  images  (DBRG) 
in  the  TI  database.  (Changing  to  other  IRHVTA  images  would  be  a  matter 
of  minor  revisions  of  the  READ  and  WRITE  statements). 

You  must  have  the  following  things  available  in  your  account: 

i)  The  programs  DATAIH.EXE 
BRBATCH/FOR 
8COMLINK.COM 
BRUN.COM 

ii)  The  file  NAME.DAT 

iii)  A  directory  to  store  the  output  images. 

The  first  thing  you  must  do  is  create  a  directory  to  store  the 
output  images.  For  example  if  you  want  to  oreate  the  directory 
[DOE. IMAGES]  simply  type 

CREATE/DIR  [DOE. IMAGES] 

on  the  CRT. 

Next  thing  to  do  is  change  the  name  of  the  output  files  in  the 
code  itself  must  be  changed.  This  can  be  done  by  the  following  steps: 

i)  type  EDIT  BRBATCH.FOR  return 

ii)  type  C  return 

You  are  now  in  the  edit  mode 

iii)  Use  the  FIND  command  to  look  for  NAME1 . 


NAME  1  ooours  three  tines,  one  for  each  output  luge. 

When  you  find  it,  siaply  replaoe  the  existing 
direotory  and  subdirectory  with  your  dlreotory 
and  subdirectory  [DOE. IMAGES],  DO  THIS 
IN  ALL  THREE  CASES, 
iv)  type  CTRLZ 
v)  type  EXIT 

Now  you  oust  compile  and  link  the  program  which  can  be  done  by 
typing  SUBMIT  BCOMLINK.  The  job  is  run  by  batch  mode. 

The  above  steps  only  need  only  be  done  once.  At  this  point  you 
will  have  the  executable  program  BRBATCH.EXE  which  is  what  you  will  use 
to  run  the  program. 

Now  you  type  RUN  DAT AIN.  The  questions  shown  in  Figures  2  will 
appear  on  the  screen  sequentially.  The  indented  questions  will  be  asked 
only  if  the  preceding  question  was  answered  T. 

To  answer  question  number  2  you  must  enter  the  index  numbers  of 
the  luges  you  want  to  process.  The  index  numbers  are  given  on  the  last 
3  pages  of  this  appendix.  For  example,  if  you  want  to  process  DBRG 
20 126. IMG  you  would  enter  6.  Questions  5  and  6  offer  room  for 
experimentation .  You  may  answer  N  to  5  «nd  Y  to  6.  The  program  will 
then  do  the  local  average  and  then  threshold.  You  may  answer  Y  to  5  and 
N  to  6.  The  program  will  then  simply  threshold.  You  uy  answer  Y  to 
both  or  N  to  both.  To  answer  8-10  you  must  know  that: 

AVI: a  man  Intensity  of  water 
ALPH:a  standard  deviation  of  ALPH 

G:«  man  standard  deviation  of  water 
BETA: a  standard  deviation  of  G. 

There  is  room  for  experlmnt  here  also.  For  example,  if  the  user  wanted 
to  use  only  the  standard  deviation  of  water  as  a  feature  the  user  aould 
set  AVI  and  ALPH  equal  to  zero. 

If  the  user  answers  Y  to  12  then  the  parameters,  the  bridge  file  name, 
and  the  number  of  Revpars  will  be  written  to  a  file  PARJ0BN0.DAT. 

2.  SUBROUTINES 

This  section  lists  the  subroutines  in  the  order  that  they  are 


called.  A  brief  description  of  what  they  do  is  given,  and  the  user 
supplied  parameters  they  use  are  listed. 

COKV 

Parameters:  MSIZE 

This  is  a  subroutine  to  convolve  an  image  with  a  mask.  The 
mask  can  be  3x3»  or  5x5.  MSIZE  is  the  size  of  the  mask. 

APBUME 

This  subroutine  smooths  the  direction  array  using  a  variable 

window. 

THRESHOLD 

Parameters:  ALPHA: 

This  subroutine  computes  the  mean  M  and  standard  deviation  S  of 
an  array.  Zero  values  are  not  used  in  the  computation.  The  array  Is 
then  thresholded  at 

T  s  M  ♦  ALPHAXS. 

LOCAVE 

This  subroutine  uses  3x3  windows  to  perform  a  local  averaging 
operation  on  an  array. 

THIH 

This  subroutine  thins  the  convolved  image  according  to  the 
conditions  listed  in  Section  IV. 

SCALE 

This  subroutine  linearly  soales  an  array  so  that  its  entries 
will  have  values  between  0  and  255. 

RERITVIH 

This  subroutine  puts  an  image  into  the  proper  format  for 
display  on  the  Deanza.  RERITVIM  calls  the  library  routines  VIMALL  and 
VIMPOT.  The  formatted  image  is  written  to  a  file. 

CHAHGE 

This  subroutine  changes  the  subscripts  from  (Column.  Row)  to 
(Row.  Column). 

PRELINK 

This  subroutine  generates  the  suocessor-predeoessor  files  used 
to  later  approximate  the  edges  by  linear  segment. 


PIXLINK 

This  subroutine  generates  the  endpoints  of  the  line  segments 
which  approximate  the  edges.  The  number  of  line  segments  is  computed 
here. 

REVPAR 

Parameters  BW 

This  subroutine  establishes  pairs  of  reverse  parallel  line 
segments.  BW  is  an  upper  bound  on  the  distance  between  the  segments  of 
a  REVPAR. 

SUCCESS 

This  subroutine  computes  the  coordinates  of  the  successor  of  a 

pixel. 

CHAMGE2 

This  subroutine  changes  the  subscripts  from  (Row,  Column)  to 
(Column,  Row). 

WATERCK 

This  subroutine  checks  for  water  below  a  horizontal  Revpar. 

STARTI 

This  subroutine  is  used  to  determine  to  initial  and  endpoints 
of  the  overlapping  parts  of  a  Revpar  if  the  0°  line  is  on  the  bottom. 

STARTJ 

Same  as  STARTI  except  if  ’80°  line  is  on  the  bottom. 

3.  The  next  four  pages  contain  the  flowchart  of  the  program.  The 
left  most  column  oontains  processing  steps  done  by  the  main  routine. 

The  middle  column  contains  optional  processing  steps.  The  rightmost 
column  contains  subroutines. 

4.  The  pages  after  that  contain  the  indexed  listing  of  the 
bridges.  This  is  the  listing  you  must  use  to  run  the  program. 


AD-A154  300  USAF/SCEEE  GRADUATE  STUDENT  SUMNER  RESEARCH  PROGRAM 
(1984)  PROGRAM  MANAGE.  .  <U>  SOUTHEASTERN  CENTER  FOR 
ELECTRICAL  ENGINEERING  EDUCATION  INC  S.  . 

UNCLASSIFIED  U  D  PEELE  ET  AL.  OCT  84  AFOSR-TR-85-0476  F/G  5/i 


MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  BUREAU  OF  STANDAROS-1963-A 


1.  ENTER  THE  NUMBER  OF  IMAGES  YOU  ARE  PROCESSING  IN  YOUR 
JOB  <UP  TO  50). 

2.  ENTER  THE  FILE  NUMBERS  IN  THE  USERS  GUIDE  THAT  YOU  WISH 
TO  PROCESS.  TYPE  THEM  IN  ONE  AT  A  TIME. 


THE  MASK  SIZE  DEFAULT  IS  FOR  THE  3X3  MASKS. 
TO  CHANGE  IT  TO  THE  5X5  MASKS?  <Y  OR  N) 


DO  YOU  WISH 


4.  THERE  ARE  TWO  OPTIONS  FOR  OUTPUT  FROM  THIS  PROGRAM.  ONE 

.  IS  TO  GET  IMAGE  TYPE  FILES  AND  DISPLAY  THEM  ON  THE  DE  ANZA. 

AND  THE  OTHER  IS  TO  HAVE  A  30X30  SUBARRAY  OUTPUT  IN  A  FILE 
WHICH  YOU  CAN  PRINT  OUT  ON  THE  PRINTER.  IF  YOU  WOULD  LIKE 
THE  30X30  PRINTOUT  ON  THE  PRINTER  OPTION,  PLEASE  TYPE  Y. 

TYPING  N  WILL  CREATE  FILES  TO  BE  DISPLAYED  ON  THE  DE  ANZA. 

A.  1  PLEASE  ENTER  THE  UPPER  LEFT  HAND  COORDINATES  OF  THE  30X30 
SUBARRAY.  CROW, COLUMN). 

3.  DO  YOU  WISH  TO  THRESHOLD?  <Y  OR  N> 

5.  1  THE  FIRST  THRESHOLD  PARAMETER  IS  ALPHA*  .ALPHA,  . 

DO  YOU  WISH  TO  CHANGE  IT?  <Y  OR  N) 

52  YOU  MUST  ENTER  A  DECIMAL  FOINT  IN  YOUR  ANSWER. 

PLEASE  ENTER  THE  NEW  ALPHA  PARAMETER: 

6.  THE  LOCAL  AVERAGE  WILL  BE  COMPUTED  ON  THE  IMAGE  IF  YOU  TYPE 
IN  A  Y.  IT  WILL  NOT  3E  COMPUTED  IF  YOU  TYPE  IN  A  N. 

6.1  THE  SECOND  THRESHOLD  PARAMETER  IS  ALPHA 1*  , ALPHA 1 .  . 

DO  YOU  WISH  TO  CHANGE  IT?  <Y  OR  N) 

6. £  YOU  MUST  ENTER  A  DECIMAL  POINT  IN  YOUR  ANSWER. 

PLEASE  ENTER  THE  NEW  ALPHA 1  PARAMETER: 

T.  THE  DEFAULT  FOR  ~>-£  OR  I  DOE  WIDTH  IS  S  PIXELS.  DO  YOU  WISH 
to  Change  IT*  <  1  or  h ■ 

T  i  PLEASE  TYPE  IN  the  HUMBER  OF  PIXELS  YOU  WANT  FOR  THE  3RIDGE 
IT  35  .-NY  REAL  NUMBER.  UP  TO  7  DIGITS  LONG  YOU 
■'US-  T  r£  A  DECIMAL  IN  YOUR  MUMSEP. 
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ANALYSIS  OF  GAB*  UPTAKE;  EXCHANGE,  AMP  RELEASE 
by 

Carolyn  L.  Croon 
David  M.  Terrlan,  Ph.D. 

ABSTRACT 


The  cerebellar  glomerulus  is  being  utilized  by  this  laboratory  as  a  nodal 
for  Investigating  cheaioal  Integrative  processes  in  local  neuronal  circuits. 

In  this  report,  we  give  evidence  to  support  the  suggestion  that 
4-Aalnobutyrlc  add  (GABA)  functions  as  an  inhibitory  neurotrananltter  in 
this  synaptic  eoaplex.  Cerebellar  glonerull  were  Isolated  from  the  bovine 
cerebellar  vermis  in  nigh  purity  (931)  and  subjected  to  an  extensive  series  of 
in  vitro  blochanioal  analyses.  These  experiments  revealed  that  glomerular 
particles  release  [3h]  OABA,  In  a  Ca2+-dependent  manner,  in  response  to 
membrane  depolarization  and  are  endowed  with  a  high  affinity  uptake  system 
capable  of  rapidly  terminating  the  Inhibitory  notion  of  this  amino  acid. 
However,  the  functional  implications  of  these  findings  oould  not  be  clearly 
Interpreted  until  the  relative  contribution  of  GABA  exchange  had  been 
quantitatively  examined  and  controlled  for. 

Kinetic  analysis  indicated  that  oerebellar  glomeruli  accumulate  C^H]  GABA 
at  two  different  high  affinity  sites,  their  affinities  (Km)  were  calculated  to 
be  2.2  x  KT^M  end  3  x  10_5M.  Although  an  exchange  of  [3h]  GABA  with  the 
endogenous  pool  of  GABA' clearly  contributed  to  the  uptake  measured  in  these 
experiments,  at  least  50}  of  the  C^Hl  GABA  accumulated  by  glomerular  particles 
is  stored  in  an  osmotlcally-sensitlve,  nonexohangeable  pool.  These  transport 
sites  were  not  further  distinguished  from  one  another  in  experiments  which 
measured  their  temperature  sensitivity,  sodium  dependency,  responsiveness  to 
metabolic  inhibitors,  or  substrate  speolflelty.  These  results  suggest  that  a 
heterogeneous  population  of  interactive  neuronal  uptake  sites  comprise  a 
single  transport  system  responsible  for  the  net  accumulation  of  OABA  in 
cerebellar  glomeruli. 

Glomerular  particles  preloaded  with  [3h]  GABA  exhibited  a  Ca2*-independent 
release  of  this  amino  acid  in  response  to  membrane  depolarization.  However, 
the  depolarizing  agents  (K*  and  veratrldlne)  used  in  these  experiments  are 
known  to  Increase  the  inward  transport  of  Na*  whloh,  in  turn,  would  stimulate 
the  Na ^"dependent  homoexchange  of  GABA.  It  is  demonstrated  that,  when  one 
displaces  [3h]  GABA  from  this  exchange ‘pool,  a  K*-evoked  and  Ca24,-dependent 
release  of  [3h]  GABA  occurs.  The  observed  net  uptake  of  GABA  together  with 
the  depolarization-induced, ‘Ca2+ -dependent  release  of  GABA  from  glomerular 
particles  strongly  indicates  that  functionally  active  GABAergle  synapses  are 
present  in  this  structure. 


Acknowledgement 

I  Mould  like  to  thank  tho  Air  Foroo  Systems  Command,  Air  Force  Office  of 
Scientific  Research,  and  the  Southeastern  Center  for  Electrical  Engineering 
Education  for  the  opportunity  to  participate  in  research  at  the  USAP  School  of 
Aerospace  Medicine,  Branch  of  Neurosclences  in  the  Clinical  Sciences  Division 
at  Brooks  AFB,  TX.  Many  thanks  to  Betsy  Hofstetter  for  her  technical 
assistance  and  to  Drs.  S.H.  Enna  and  P.  Krogsgaard-Larsen  for  gifts  of 
chemicals. 

I  an  very  grateful  to  Dr.  David  Terrlan  for  his  Instruction  and  guidance. 


ulth  special  gratitude  for  sharing  with  ns  the  enthuslaan  and  quality  of 
research  which  I  hope  to  someday  achieve. 


I.  INTRODUCTION 


An  iapresslve  body  of  evidence  supports  the  conclusion  that  GABA 
functions  ss  an  Inhibitory  neurotranaaltter  in  the  mammalian  central  nervous 
systea.  Perhaps  the  aost  convincing  evidence  has  cone  from  studies  of  the 
cerebellum,  where  the  Purkinje  cells  have  been  shown  to  act  by  releasing  GABA 
froa  their  terminals  (3.6).  It  has  long  been  suspected  that  the  inhibitory 
Interneurons  of  the  cerebellar  cortex  are  also  GABAerglc  in  nature.  But  until 
recently.  It  >ad  not  been  possible  to  identify  the  actual  slte(s)  of  release 
within  these  local  neuronal  circuits.  The  ability  to  Isolate  cerebellar 
glomeruli,  and  perfora  In  vitro  analyses  of  this  structure  (4,5,23),  has 
greatly  enhanced  our  ability  to  relate  such  biochemical  responses  to  their 
proper  morphological  substrate.  These  gloaerular  synaptic  complexes  can  now 
be  Isolated  as  structurally-lntaot  entitles  which  are  thought  to  contain  a 
single  population  of  Inhibitory  nerve  terminals,  e.g.,  the  Golgi  axon 
terminals  (4).  Electrophyslological  and  anatomical  studies  clearly  support 
this  suposition  (15.21).  More  recently,  a  series  of  bloohealcal 
investigations  have  demonstrated  that  these  glomerular  particles  possess  high 
affinity  transport  sites  for  [3h]  GABA  which,  based  upon  electron  microscopic 
autoradiography,  are  almost  exclusively  located  over  the  axo-dendrltic 
synapses  formed  by  the  Juxtaposition  of  Golgi  axon  terminals  and  granule  cell 
dendrites  (5,7,22,23).  Autoradiographic  studies  have  also  demonstrated  that 
[3h]  muscimol  binding  sites  are  more  densely  distributed  within  the  cerebellar 
gloaerulus  than  In  other  relevant  parts  of  this  brain  region,  Including  the 
deep  cerebellar  nuclei  (8). 

In  this  paper,  we  confirm  previous  reports  that  cerebellar  glomeruli  are 
endowed  with  high  affinity  transport  sites  for  [3h]  GABA.  At  variance  with 
these  reports,  however,  is  our  finding  that  these  transport  sites  do  not  have 
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a  common  affinity  for  [3h]  GABA.  In  an  additional  aeries  of  experiments  we 
also  demonstrate  the  stimulation-coupled  release  of  [3h]  GABA  from  superfused 
glomerular  particles.  Taken  together,  these  findings  argue  in  favor  of  the 
suggestion  that  GABA  is  utilized  as  a  neurotransmitter  in  the  local  inhibitory 
pathway  formed  by  Golgi  cells  in  the  cerebellar  cortex. 

II.  OBJECTIVES 

The  experiments  conducted  this  summer  were  part  of  an  ongoing  study 
Intended  to  identify  the  neurotranamltter  systems  endogenous  to  cerebellar 
glomeruli  and  to  characterize  interactions  among  these  systems.  This  research 
program  is  currently  being  supported  by  AFOSR  Task  2312V4. 

Two  major  criteria  have  proven  useful  in  screening  amino  acid 
neurotransmitter  candidates.  First,  the  amino  acid  oust  be  accumulated  by  a 
high-affinity  transport  mechanism  which  is  thought  to  limit  its  postsynaptic 
action.  Second,  a  decrease  in  the  transmembrane  potential  should  stimulate 
the  graded  release  of  the  amino  acid  and  this  response  should  be  calolum 
(Ca2+)  dependent. 

Using  the  above  criteria,  our  summer  objective  was  to  determine  if 
4-amlnobutyric  acid  (GABA)  functions  as  a  neurotransmitter  in  the  cerebellar 
glomerulus. 

III.  HIGH  AFFINITY  TRANSPORT  OF  [3h]  GABA  IN  CEREBELLAR  GLOMERULI 
Introduction: 

Kinetic  analysis  clearly  demonstrates  that  the  uptake  of  GABA  is  mediated 
by  systems  of  "high  affinity"  (KbS  of  approximately  5  x  10_5M  or  lower)  and 
"low  affinity"  (Kg,s  of  the  order  of  10“  or  higher).  These  transport  systems 
are  further  distinguished  by  the  observation  that  only  the  high  affinity 
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system  has  an  absolute  requirement  for  sodium  Ions,  a  high  degree  of 
structural  specificity,  and  is  localized  to  synaptic  terminals.  A  popular 
Interpretation  of  these  findings  has  been  that  high  affinity  uptake  functions 
to  limit  the  postsynaptic  action  of  GABA  and,  therefore,  may  be  useful  in 
Identifying  GABAergic  pathways  In  the  CNS  (20).  Low  affinity  uptake,  on  the 
other  hand,  Is  thought  to  replenish  Intracellular  amino  acid  pools  Involved  In 
Intermediary  metabolism.  A  number  of  methodological  considerations  must  be 
taken  Into  account  before  an  accurate  measure  of  GABA  can  be  made  (13). 
Recently,  the  criticism  has  been  raised  that  an  exchange  of  [3H]  GABA  with 
endogenous  GABA  could  account  for  much  of  the  observed  radiolabel  accumulation 
seen  In  synaptosomal  fractions  (14)  and  glial  cells  (18).  This  exchange 
process  has  been  termed  "hcnoexchange"  and  has  stimulated  a  number  of 
investigators  to  re-evaluate  the  utility  of  high  affinity  uptake  sites  In 
Identifying  GABAergic  synapses.  Before  one  may  conclude  that  a  true  net 
accumulation  of  GABA  has  Indeed  been  observed.  It  is  essential  that  the 
contribution  of  homoexchange  be  subtracted  from  the  total  [3h]  GABA  uptake 
measured. 

As  mentioned  previously.  It  has  been  demonstrated  that  glomerular 
particles  Isolated  from  rat  cerebelll  possess  high  affinity  transport  sites 
for  [3h]  GABA  (5,22).  Unfortunately,  no  attempt  was  made  in  these  experiments 
to  assess  the  extent  to  which  an  exchange  process  might  account  for  the 
observed  uptake  of  [3h]  GABA.  We  have  addressed  this  issue  and  find  evidence 
of  an  exchange  process  for  [3h]  GABA  In  glomerular  particles  which,  although 
quantitatively  significant,  does  not  account  for  more  than  50f  of  the  [3h] 

GABA  uptake  measured.  The  most  striking  finding  of  this  study,  however, 
emerged  when  our  kinetic  analysis  revealed  that  [3h]  GABA  was  being  taken  up 
by  two  distinct  high  affinity  transport  sites.  To  characterize  the  functional 
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properties  of  these  transport  mechanisms,  a  further  series  of  biochemical 


experiments  were  conducted.  Glomerular  particles  for  the  above  studies  were 
Isolated  from  the  bovine  cerebellar  vermis  by  a  method  recently  developed  in 
this  laboratory  (manuscript  in  preparation). 

Methods  and  Results: 


(a)  Isolation  of  cerebellar  glomeruli  from  bovine  cerebellar  vermis. 
Bovine  cerebellum  was  obtained  in  the  slaughter  house  from  recently  killed 
animals,  within  15  min  of  death,  and  Immediately  placed  on  ice.  Less  than  20 
min  later  the  vermis  was  removed  by  dissection  and  manually  homogenized  in  9 
volumes  of  0.3M  sucrose.  Magnesium  ions  (ImM  MgS0j()  were  Included  in  all 
media  used  throughout  the  procedure  to  preserve  the  structural  integrity  of 
the  glomerular  particles,  as  suggested  by  Hajos  et  al.  (4).  Homogenization 
conditions  were  such  that  the  shear  stresses  approximated  those  reported 
previously  by  Coakley  (2).  The  homogenate  was  passed  through  a  series  of 
nylon  filters  (1 1 1y/70u/52u)  to  remove  debris  and  centrifuged  at  900  g  for  10 
minutes.  The  resultant  pellet  was  washed  once  with  the  same  volume  and 
centrifuged  again.  This  procedure  yielded  a  pellet  (Pi )  which  was  resuspended 
in  an  18>  (w/v)  Fieoll-Mg2+  solution,  dissolved  in  0.3M  sucrose,  and  was 
centrifuged  at  7,500  g  for  40  minutes  using  an  SW28  rotor  and  Beckman  L5-50B 
Ultracentrifuge  (total  accumulated  centrifugal  effect,  w2t,  equal  to  175 
rad2/sec  x  10?) .  Electron  microscopic  examination  of  the  resultant  pellet 
(crude  nuclear  fraction,  N)  shows  it  to  primarily  consist  of  intact  granule 
cells  and  cell  debris.  The  combined  supernatants  were  diluted  50S  (v/v)  in 
0.3M  sucrose  and  centrifuged  at  20,000  g  for  20  minutes.  This  pellet  (crude 
glomerular  fraction,  CGF)  was  resuspended  in  30ml  of  0.3M  sucrose  and  5ml 
aliquots  were  layered  onto  25ml  of  1.2M  sucrose.  The  final  pellet  (purified 
glomerular  fraction,  PGF)  was  obtained  by  centrifuging  this  suspension  at 
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53,000  g  for  60  minutes  (w*t  ■  158  rad2/sec  x  10®).  The  PGF  was  resuspended 
in  0.32M  glucoae  to  give  a  final  protein  concentration  of  13.25  ±  1.30  mg/ml 
(t  S.E.M.).  The  final  preparation  waa  typically  obtained  within  4.5  houra. 
The  purity  of  the  preparation  waa  determined  to  be  92.6  ±  3.91  (±  S.E.M.)  by 
graphic  digitization  of  random  electron  alerographa  (n  -  27). 

(b)  Meaaureaent  of  C®H]  GABA  Uptake.  The  general  method  of  Levi  and 
Raiterl  (12)  waa  uaed  In  theae  experiments.  Allquota  of  the  PGF  suspension 
(50  id)  were  diluted  to  a  final  volume  of  1.0  ml  with  oxygenated  Incubation 
medium  (12)  oontalnlng  [3h]  GABA  at  the  concentrations  Indicated,  16  aM 
glucoae,  and  10~®N  amlno-oxyacetlo  acid.  The  final  protein  concentration  of 
this  suspension  usually  ranged  between  0.4  and  0.7  mg/ml.  Incubations  were 
carried  out  at  37*C  for  10  minutes  In  an  open  mlcrofuge  tube.  Preliminary 
experiments  confirmed  that  [3h]  GABA  uptake  proceeded  In  a  linear  fashion 
under  these  conditions.  Immediately  following  Incubation  the  tubes  were 
centrifuged  for  45  seconds  at  13,500  g  In  an  Eppendorf  Mlcrofuge  5414.  Where 
Indicated,  samples  of  the  supernatant  were  taken  for  measurement  of 
radioactivity  and  calculation  of  C®H]  GABA  accumulation  according  to  the 
method  of  Kurlyama  et  al.  (11).  The  pellets  were  then  washed  twice  with 
Ice-cold  Incubation  medium  and  reoentrlfuged  before  digestion  in  0.5  ml  of  IN 
NaOH  overnight.  The  radioactivity  of  each  pellet  was  estimated  by 
scintillation  counting  after  addition  of  0.5  ml  glc  HAo  and  10  ml  of  Aquasol 
II  sclntillant.  Control  tubes  were  prelnoubated  In  the  presence  of  [3h]  GABA 
for  10  minutes,  at  0°C.  The  radioactivity  In  these  control  samples  was 
subtracted  from  their  corresponding  experimental  sample,  prior  to  any  further 
calculations,  to  correct  for  passive  uptake  and  nonspecific  binding  of  the 
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radioisotope  to  glomerular  particles.  Trichloroacetic  acid  precipitates  of  the 
PGF  suspensions  were  assayed  for  protein  according  to  the  method  of  Lowry 
(16). 

(c)  Calculation  of  transport  kinetic  constants.  The  affinity  (Kg)  and 
maximal  velocity  (V„,r)  for  [3h]  GABA  uptake  were  calculated  using  a  weighted 
nonlinear  regression  analysis  (9).  A  conventional  Llneweaver-Burtc  plots  of 
the  data  appeared  to  be  nonlinear  and  concave  donward.  Indicating  the  uptake 
may  have  been  mediated  by  more  than  one  transport  system.  Table  I  lists  the 
kinetic  constants  (Kg,  and  VBax)  which  were  derived  from  our  analysis  of  the 
data.  A  low  affinity  uptake  process,  characterized  by  a  Kg  of  920uM,  was 
Identified  but  not  studied  further.  Uptake  rates  for  the  remaining  two 

TABLE  I:  KINETIC  PARAMETERS  FOR  ACTIVE  3h-GABA  UPTAKE 
SYSTEMS  IN  BOVINE  CEREBELLAR  GLOMERULI* 


Km 

(UM) 

Vmax 

(nmol* mg  Protein* 10  mln~D 

nH 

Low  Affinity 

918.5 

32,  4 

High  Affinity  2 

30.1 

4.0 

0.88 

High  Affinity  1 

2.2 

1,0 

1.02 

*  All  values  calculated  using  a  weighted  nonlinear  regression  analysis 
of  Llneweaver-Burk  plots,  according  to  the  method  of  Kohn  et  al.(9). 


transport  systems  are  plotted  according  to  the  Llneweaver-Burk  format  in 
Figure  1 .  These  uptake  systems  clearly  possess  a  high  affinity  (HA)  for  [3h] 
GABA,  one  system  displayed  a  Kg,  of  2.2  x  10" (HA1)  while  the  other  displayed 
a  Kg,  of  3.0  x  10_5m  (HA2) .  In  previous  studies  a  single  high  affinity  system 
has  been  described  with  intermediate  Kg,  values  of  9.5  x  10~^M  (22)  and  15  x 
10~®M  (5).  Since  these  values  lie  between  those  reported  here,  it  seems 
possible  that  they  represent  a  mixture  of  HA1  and  HA2  affinities  which  are  not 
distinguishable  without  more  detailed  analysis.  In  the  present  experiments  we 
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have  extended  the  range  of  GABA  concentrations  down  from  I.OuM  to  0.2uM  and 
doubled  the  number  of  experimental  points  betwen  0.2  and  50uM.  This  suggestion 
is  supported  by  the  fact  that  when  these  additional  values  are  omitted  from 
the  graphic  analysis  a  single  line  is  obtained  with  an  x-lntercept  (Kn,) 
equivalent  to  ll.luM  (graph  not  shown).  The  maximum  transport  velocities 
^max^  calculated  for  both  HA1  and  HA2  (Table  I)  are  similar  to  that  reported 
by  Wilkin  et  al.  (22)  for  uptake  of  [3h]  GABA  into  cerebellar  glomerulus 
particles. 


rig.  1.  Uwwiwr  »rt  Plata  «f  Mi  fraa  S  amwlill  UN  tttl  we  MW  email?  (ttl  iHIII  nettke 
aiatwa  are  fraaaa*  la  anMkr  daaaralaa  partlalaai  Ut  Hi  III.  bparlaeattl  Relate 
(US.)  far  HU  llaaa  aara  ftatMi  If  »HpH ir  aaalyala. 

Using  the  Michaelis-Menten  equation,  we  obtained  an  estimate  of  what  the 
relative  contributions  of  HA1  and  HA2  would  be  to  net  GABA  accumulation  over  a 
given  range  of  substrate  concentrations  (Fig.  2).  This  analysis  suggests  that 
at  a  concentration  of  10_6M  the  velocity  of  GABA  uptake  by  HA1  would  be  twice 
that  attributable  to  HA2.  At  10"5m  GABA,  the  velocities  of  the  two  systems 
are  roughly  equivalent  and  at  10-i*M  HA2  would  account  for  more  than  75%  of  the 
total  GABA  transported.  Interpreting  the  physiological  significance  of  these 
two  transport  systems  is  difficult,  at  best,  without  an  estimate  of  the 
endogenous  concentration  of  GABA  within  the  synaptic  cleft.  Nevertheless,  our 
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data  clearly  show  that  [3h]  GABA  Is  actively  and  efficiently  accumulated  by 
glomerular  particles.  An  additional  series  of  experiments  were  conducted, 
therefore.  In  order  to  further  investigate  the  possibility  that  either,  or 
both,  of  these  transport  sites  are  specifically  related  to  a  GABAergic  pathway 
in  cerebellar  glomeruli. 


Fig.  2.  RELATIVE  CONTRIBUTION  OF  HIGH  AFFINITY  GABA  UPTAKE 
SYSTEMS  AT  VARYING  SUBSTRATE  CONCENTRATIONS 

MICHAELIS  EQUATION: 


U10-*  iilO-’  lilO-  MO*  1U0- 

GABA  CONCENTRATION  (M) 


(d)  Sodium  and  energy  dependencies  of  [3h]  GABA  uptake.  Most  of  the  high 
affinity  transport  systems  characterized  thus  far  seem  to  share  the  following 
properties:  they  are  highly  sodium-dependent;  temperature-sensitive;  and  are 
inhibited  by  2,*l-dinitrophenol  and  other  metabolic  Inhibitors.  To  compare  the 
functional  properties  of  HA1  and  HA2  transport  systems  we  measured  [3h]  GABA 
uptake  in  the  presence  of  either  0.5uM  or  30uM  [3h]  GABA,  respectively.  Uptake 
of  [3h]  GABA  at  either  of  these  substrate  concentrations  was  greatly  reduced 
by  incubating  glomerular  particles  at  0-M#c  or  in  a  sodium-free  medium  (Table 


(e)  Relative  Importance  of  net  uptake  and  exchange.  Oamotlcally  shocking 
the  glomeruli  after  they  have  been  preloaded  Mith  [3h]  GABA  results  in  a  loss 
of  greater  that  95$  of  the  radioactivity,  regardless  of  the  substrate 
concentration  used  (data  not  shown).  This  demonstrates  that  [3h]  GABA  Is 
being  transported  Into  osmotlcally-seniit lve,  membrane  bound,  pools  of  this 
fraction.  These  vesicular  structures  appear  to  have  an  enormous  ability  to 
accumulate  GABA,  In  fact  [3h]  GABA  Is  concentrated  over  300-fold  from  the 
medium  by  both  the  HA1  and  HA2  uptake  systems  (Table  III).  However,  these 
results  do  not  rule  out  the  possibility  that  a  net  accumulation  of  GABA  Is 
being  simulated  by  the  exchange  of  radiolabeled  for  unlabeled  GABA  molecules. 
In  order  to  determine  the  contribution  of  hcmoexchange  to  the  observed  uptake, 
glomerular  particles  were  preloaded  with  [3h]  GABA  (0.5uM  or  30uM)  and 
incubated  for  7  minutes  at  37°C.  Aliquots  (50ul)  of  different  cold  GABA 
solutions  were  then  added  to  the  medium  to  give  final  concentrations  ranging 
from  0  to  1,000  uM  and  the  glomeruli  were  incubated  an  additional  3  minutes 
(total  incubation  time  was  10  minutes).  Under  these  conditions,  any  [3h]  GABA 
which  had  been  accumulated  by  an  exchange  process  would  be  released  back  into 
the  medium  and  provide  an  indication  of  the  relative  importance  of  net  uptake 
and  exchange.  Roughly  50$  of  the  [3h]  GABA  accumulated  under  these  conditions 
was  displaced  by  the  addition  of  cold  GABA  to  the  medium  (Table  IV).  This 
response  was  maximal  at  the  lowest  concentration  tested  (IOOuM).  Therefore, 
the  remaining  [3h]  GABA  appears  to  have  been  transported  into  amino  acid 
"pools"  which  actively  accumulate  endogenous  GABA.  The  observation  that 
similar  results  were  obtained  regardless  of  which  transport  system  (HA1  or 
HA2)  was  the  primary  contributor  to  uptake  (Table  IV)  suggests  that  both  HA1 
and  HA2  are  capable  of  accumulating  GABA  in  osmotlcally-sensitive  compartments 
of  the  cerebellar  glomeruli. 
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TABLE  III.  ACTIVE  ACCUMULATION  OF  [3h]-GABA  BY  GLOMERULAR  PARTICLES* 


[3h]-GABA  CONC. 
(uM) _ ' 


ptnol-mg  Protein" 1 
pmol'mg  Medium"1" 


HA1  0.5  385  ±  19 

HA2  30  369  ±  19 

*  Accumulation  was  shown  to  be  temperature-dependent  and  osmotic  shock 
decreased  the  above  values  (8  ±  S.E.M.)  by  greater  than  958. 


TABLE  IV.  HOMOEXCHANGE  OF  [3h]-GABA  IN  GLOMERULAR  PARTICLES 


CONC.  OF  UNLABELED  GABA  %  COUNTS  BOUND /mg.  PROTEIN  * 

IN  THE  INCUBATION  (8  ±  S.E.M.) 

MEDIUM  (uM) _ HA  1  HA2 


0 

28*4 

57  ±8 

100 

13*2 

31  ±7 

200 

13±2 

29  ±3 

400 

14*1 

32*7 

600 

14*1 

27*3 

1000 

12*1 

29  ±4 

*  Calculated  as:  ^7 e!IeF7cmyTj^^[ 

Total  (CPM)  x  mg  Protein 


Total  -  Pellet  ♦  Supernatant 

(f)  Inhibitors  of  GABA  uptake.  Both  glial  and  neuronal  elements  have 
been  shown  to  accumulate  GABA  via  high  affinity  uptake  systems  In  various 
regions  of  the  central  nervous  system.  Cerebellar  synaptosomes,  granule  cells 
and  astrocytes  have  all  recently  been  shown  to  possess  GABA  transport  systems 
with  Km  values  of  less  than  10”5m  (19).  Autoradiographic  studies  Indicate 
that  the  glial  cells  associated  with  cerebellar  glomeruli  do  not  transport 
GABA  at  low  (10”®M)  substrate  concentrations  (7,22),  and  suggest  that  the 
Golgi  axon  terminals  account  for  virtually  all  GABA  uptake  in  this  synaptic 
complex.  However,  the  distribution  of  uptake  sites  was  not  examined  at 
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substrate  concentrations  which  would  preferentially  label  the  HA2  sites  we 
have  reported  (>  10~^N,  see  Pig.  2).  The  possibility  oust  be  considered, 
therefore,  that  the  HA1  and  HA2  transport  systems  are  associated  with  these 
two  cellular  entitles.  To  address  this  issue,  we  screened  a  number  of 
structural  analogues  for  GABA  which  are  known  to  inhibit  glial  and  neuronal 
uptake  of  GABA  with  varying  degrees  of  selectivity  and  potency  (10).  These 
experiments  revealed  that  those  GABA  analogues  which  have  been  shown  to  either 
be  potent  inhibitors  of  both  neuronal  and  glial  transport  carriers  (GABA, 
Guvacine,  trans-*»-Aminocrotonic  acid),  or  relatively  selective  inhibitors  of 
neuronal  uptake  (Nipecotic  acid,  Diaminobutyrlc  acid),  were  clearly  the 
strongest  inhibitors  of  [3h]  GABA  uptake  in  cerebellar  glomeruli  (Table  V). 

The  IC50  values  (the  inhibitor  concentration  producing  50 %  inhibition  of 
uptake)  for  these  compounds  ranged  from  approximately  1  to  1 OyM.  In 
constrast,  those  substances  which  inhibit  glial  uptake  in  a  reasonably 
specific  manner  (0-Alanine,  THAO,  THPO)  were  found  to  be  relatively  weak 
inhibitors  of  glomerular  GABA  uptake,  IC50  values  ranging  from  130  to  600uM 
(Table  V).  Although  the  ratio  of  IC50  values  for  HA2/HA1  exceeded  a  value  of 
1 .0  for  all  analogues  tested,  none  of  the  HA2/HA1  ratios  were  greater  than 
*1.0.  These  apparent  discrepancies  in  potency  can  easily  be  explained  by  the 
differences  in  HA1  and  HA2  substrate  affinities.  These  results,  therefore, 
indicate  that  both  the  HA1  and  HA2  transport  sites  for  [3h]  GABA  in  cerebellar 
glomeruli  are  neuronal.  Moreover,  these  uptake  systems  appear  to  accumulate 
GABA  by  a  structurally  specific  mechanism  since  uptake  was  not  inhibited  by  a 
variety  of  different  amino  acids  (Table  V).  The  observation  that  muscimol  (5 
x  10-5M)  did  not  influence  our  measurements  of  [3h]  GABA  uptake  (Table  V) 
further  suggests  that  artifacts  due  to  a  surface  exchange,  rather  than  inward 
transport,  of  [3h]  GABA  may  be  disregarded. 


TABLE  V.  INHIBITION  OF  [3h]  GABA  UPTAKE  IN  CEREBELLAR 
GLOMERULI  BY  STRUCTURAL  ANALOGUES  OF  GABA 


Analogue 


IC50  (uM) 


(R,S)  Nipecotic  acid 

1  ;i 

1.4 

t r ans- *t- Am inocro tonic  acid 

1 .4 

6.0 

Guvaclne 

2.8 

9.6 

L-2 , 4- D 1  am  1 nobu ty r 1 c  acid 

7.0 

8.0 

B- Alanine 

130.0 

260:0 

THAO3 

190.0 

600.0 

THPOb 

200.0 

290.0 

The  following  produced  no  significant 

inhibition  at  a  concentration  of 

5  x  1 0"**M:  muscimol,  glutamate,  glutamine 

,  glycine,  phenylalanine, 

serine 

IC50  values  for  inhibitors  of  [’h]  GABA  uptake  were  determined  by 
incubating  glomerular  particles  in  a  Krebs-Rlnger  medium  containing 
either  0.5uM  (HAD  or  50uM  (HA2)  -  [3h]  GABA  and  the  inhibitor  at 
different  concentrations  (0-5,000yM).  Results  are  means  of  triplicate 
determinations  and  S.E.M.s  were  less  than  10£.  The  IC50  values  were 
determined  by  the  method  of  Beart  et  al.  (D.  Glomerular  particles 
were  not  preincubated  in  the  presence  of  inhibitor. 

a  5,6,7,8-tetrahydro-4H-isoxazolo[4,5c]a2epln-3-01 
b  4,5,6,7-tetrahydroisoxazolo[4,5c]pyridin-3-01 


(g)  General  discussion  and  summary.  Cerebellar  glomeruli  appear  to 
accumulate  [3h]  GABA  by  two  distinct  high  affinity  transport  mechanisms. 
Although  an  exchange  process  clearly  contributes  to  the  uptake  measured  in 
these  experiments,  at  least  half  of  the  [3h]  GABA  accumulated  by  glomerular 
particles  appears  to  represent  a  net  uptake  and  not  hcmoexchange  with  the 
endogenous  pool  of  GABA.  This  conclusion  is  supported  by  both  a  high 
tissue/medium  ratio  for  [3h]  GABA  and  the  fact  that  neither  100  nor  1 ,000uM 
nonradloactive  GABA  could  displace  any  more  than  50>  of  the  [3h]  GABA 
accumulated  by  this  tissue  preparation. 


Kinetic  analysis  provided  the  only  evidence  to  support  the  suggestion  that 
two  classes  of  GABA  transport  systems  are  present  in  the  cerebellar  glomeruli. 
These  systems  could  not  be  distinguished  from  one  another  on  the  basis  of 
their  temperature  sensitivity,  sodium  dependency,  responsiveness  to  metabolic 
inhibitors,  or  substrate  specificity.  A  one-to-one  relationship  between  GABA 
transport  and  sodium  transport  was  indicated  by  Hill  plot  analysis,  suggesting 
that  these  carriers  both  require  the  binding  of  one  sodium  ion  for  each 
molecule  of  GABA  transported.  It  has  not  yet  been  unequivocally  established 
that  structural  analogues  of  GABA  can  distinguish  neuronal  from  glial  uptake 
sites.  However,  pronounced  differences  in  the  sensitivity  of  glomerular 
transport  systems  to  these  inhibitors  were  noted  and  argue  strongly  in  favor 
of  the  interpretation  that  neuronal,  rather  than  glial,  elements  are  primarily 
responsible  for  [3h]  GABA  uptake  in  this  fraction.  These  results  are 
supported  by  autoradiographic  studies  which  indicate  that  GABA  transport  sites 
in  cerebellar  glomeruli  are  associated  with  the  Golgi  axon  terminals  (7 ,22). 

Clearly  both  GABA  uptake  sites  have  a  high  enough  affinity  and  transport 
capacity  to  conceivably  play  some  physiological  role.  The  similarities  in 
their  functional  properties  suggests  that  these  are  not  independent,  or 
distinct,  classes  of  transport  systems.  It  is  hypothesized  that  the  nonlinear 
relationship  between  uptake  velocity  and  substrate  concentration  (Fig.  1) 
reflects  the  Interaction  of  two  negatively  cooperative  sites  in  a  single 
transport  system.  Such  a  microheterogeneity  of  neuronal  GABA  uptake  sites  has 
previously  been  proposed  (12)  based  upon  studies  of  neurons  cultured  from 
cerebral  cortex.  It  this  is  the  case,  one  would  predict  that  the  subcellcular 
distribution  of  these  neuronal  uptake  sites  (HA1  and  HA2)  would  be  similar. 

The  accuracy  of  this  prediction  could  be  easily  tested  by  autoradiographic 


localization  of  uptake  sites  following  incubation  with  0.5  and  30uM  [3h]  GABA. 
The  ability  to  clearly  distinguish  neuronal  processes  in  Isolated  cerebellar 
glomeruli  makes  it  an  ideal  model  for  testing  this  hypothesis. 


IV.  DEPOLARIZATION-INDUCED  RELEASE  OF  [3h]  GABA 
Introductions 

The  ability  to  isolate  a  reasonably  pure  fraction  of  cerebellar  glomeruli 
provides  an  almost  unique  opportunity  for  correlating  biochemical  observations 
with  specific  neuronal  elements.  Thus  far,  work  on  this  preparation  has  been 
limited  to  investigations  of  amino  acid  transport  and  receptor  binding.  In 
establishing  a  neurotransmitter  role  for  a  substance,  however,  it  is  usually 
considered  Important  to  show  that  it  is  released  from  nerve  terminals  as  a 
result  of  presynaptlc  stimulation.  Here  we  report  a  systematic  analysis  of 
the  depolarization-induced  release  of  [3h]  GABA  from  cerebellar  glomeruli  and 
the  ionic  requirements  for  this  reponse. 

Methods  and  Results: 

(a)  Measurement  of  [3h]  GABA  release.  Glomerular  particles  were  prepared 
from  bovine  cerebellar  vermis  as  described  in  Section  111(a).  Glomeruli  were 
preloaded  with  [3h]  GABA  using  the  incubation  conditions  described  previously 
(see  uptake  studies)  except  that  incubations  were  performed  in  5  ml  of  medium 
containing  protein  at  a  concentration  of  3.5  -  5.0  mg/ml  and  [3h]  GABA  at  a 
final  concentration  of  0.2  uM  (10  yCi).  Aliquots  (1.0  ml)  of  this  PGF 
suspension  were  transferred  to  parallel  perfusion  chambers  similar  to  those 
described  by  Ralterl  et  al.  (17),  collected  on  Whatman  GF/B  filters,  and 
washed  with  15  ml  of  Krebs-Ringer  medium  (13).  The  glomerular  particles  were 
then  perfused  at  a  rate  of  M.O  -  *(.6  ral/mln  and  fractions  were  collected  every 
10  seconds  directly  into  liquid  scintillation  vials.  After  the  spontaneous 
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release  of  [3h]  GABA  had  reached  a  steady  baseline,  the  standard  medium  was 
replaced  by  a  medium  containing  the  test  substance(s).  All  solutions 
contained  0.1  mM  araino-oxyacetic  acid,  11.0  mM  glucose,  1.2  mM  MgS0i|,  and  20.0 
mM  Hepes  buffered  at  pH  7.35.  Additional  details  for  each  experiment  are 
given  below  the  appropriate  Figure.  The  percentage  of  total  radioactivity 
release  per  10  sec  interval  was  calculated  according  to  the  method  of  Levi  and 
Ralteri  (13)  and  represents  the  average  of  at  least  3  experimental 
determinations. 

(b)  Depolarization-induced  release  in  response  to  K+.  A  baseline  for  the 
spontaneous  efflux  of  [3h]  GABA  was  established  by  perfusing  glomeruli  with  a 
"low"  K+  medium  (5  mM  KC1)  throughout  the  experiment  (Fig.  4).  After  a 
relatively  stabile  baseline  was  reached,  the  glomeruli  were  exposed  to  a  media 
containing  depolarizing  concentrations  of  KC1  (37-90  mM) .  The  data  in  Figure 
4  demonstrate  that  [3h]  GABA  is  rapidly  released  in  response  to  K-induced 
depolarization  and  that  this  response  is  dose-dependent.  That  is,  the  amount 
of  [3h]  GABA  released  is  directly  related  to  the  concentration  of  K+  and, 
therefore,  the  degree  of  membrane  depolarization. 

(c)  Depolarization-induced  release  in  response  to  veratridine. 

Veratridine  was  also  shown  to  stimulate  the  release  of  [3h]  GABA  from 
glomerular  particles  in  a  graded  manner  (Fig.  5)  and  with  a  potency  which  was 
an  order  of  magnitude  greater  than  K*  (10-6  versus  10“5m).  This  difference  in 
potency  may  be  explained  by  the  fact  that  veratridine  selectively  depolarizes 
neuronal,  ranther  than  glial,  membranes  by  locking  open  the  voltage-sensitive 
Na+-channels  which  are  unique  to  this  type  of  membrane.  The  discrepancy  in 
potency  between  these  depolarizing  agents,  therefore,  strongly  suggests  that 
[3h]  GABA  is  released  from  neuronal  elements  intrinsic  to  cerebellar 
glomeruli. 

24-19 


— S  (n-4) 
0  J7  aM  (n-S) 
0-  -O  4S  aM  (n-3) 
60  «h  (n-M 

A  90  #1  (n-4) 

t 

i  \ 


\ 


2  1* 
Super fusion  Time  (aid.) 


Release  of  (3H)GA1A  froa  gloaerular  particles  depolarized  with  different  K*  concentrations. 
Gloaeruli  were  perfused  with  IS  al  aediua,  containing  2.7  aff  CaC I ? ,  prior  to  depolarization. 
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Release  of  (  HIC.ara  froa  gloaerular  particles  depolarized  with  different  concentrations  of 
Veratridine  (1S-90  nH) .  Gloaeruii  were  perfused  with  in  al  aediua.  containing  2.7  aM  raCl,. 
prior  to  depolarisation,  liach  curve  is  the  average  of  three  separate  deteraipations. 


(d)  Calcium  dependence  of  depolarization-induced  release.  High  [K+]  has 
been  shown  to  stimulate  the  release  of  radiolabeled  amino  acids  from  both 
neuronal  and  glial  structures.  However,  only  the  K+-lnduced  release  from 
neuronal  structures  is  Ca2+-dependent.  In  this  series  of  experiments,  an 
attempt  was  made  to  further  characterize  the  stimulus-evoked  release  of  [3h] 
GABA  and  to  Identify  the  structures  responsible  for  this  release.  On  the 
basis  of  our  earlier  results  (Fig.  4),  42  mM  KC1  was  chosen  as  an  appropriate 
stimulus  since,  at  this  concentration,  an  increase  or  decrease  in  the  amount 
of  [3h]  GABA  release  could  be  noted.  Veratridine  was  also  used  at  a 
concentration  which  had  been  shown  to  produce  an  intermediate  response  (45 
uM).  Figures  6  and  7  show  that,  although  a  modest  degree  of  Ca2+-dependence 
was  detectable,  the  majority  of  [3h]  GABA  efflux  was  CA2+-independent, 
regardless  of  which  depolarizing  agent  was  used. 
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effect  of  Ca2*  on  the  K*-evoked  release  of  (SH)CABA  from  cerebellar  glomeruli.  Tach  curve 
represents  the  average  of  three  separate  determinations. 
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Superfusion  TIm  (Bin.) 

Fig.  7.  Th*  effect  of  on  the  Veratridine>evofce<f  relent#  of  (SM)fiA«A  fro*  cereheltar 
gloBerull.  Each  curve  represents  the  average  of  three  separata  determinations. 

The  failure  to  detect  a  larger  Ca2+-dependent  component  or  [3h]  GABA 
release  prompted  us  to  re-evaluate  the  possibility  that  glial  structures 
contribute  to  the  release  being  measured  under  these  conditions.  Glomerular 
particles  were  preloaded  with  [3h]  GABA  as  described  above,  except  that 
8-Alanine  (2.5  x  10“3m)  was  added  to  the  Incubation  medium.  At  this 
concentration,  B-Alanine  would  be  expected  to  inhibit  the  glial  uptake  of 
[3h]  GABA  and,  thus  allow  one  to  minimize  the  glial  contribution  to  the 
observed  release.  Should  the  Ca2+-dependent  component  of  [3h]  GABA  release 
become  more  pronounced  under  these  conditions,  it  would  indicate  that  both 
glial  and  neuronal  structures  were  contributing  to  release.  Figure  8  shows 
that  [3h]  GABA  release  is  essentially  the  same  for  glomeruli  incubated  in  the 
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presence  and  absence  of  8-Alanine  and  that  the  removal  of  Ca2*  did  not  effect 
the  baseline  efflux  of  this  amino  acid.  Thus,  the  Ca2+-independent  component 
of  [3h]  GABA  release  appears  to  be  neuronal  in  nature. 
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Fig.  I.  Effect  of  p-AIanine  (2.S  aH)  on  the  Ca2*- independent  release  of  (*ll)f»A§A. 

Cioeerular  particles  were  preloaded  w|th  (  HJOAiA.  with  or  without  B-Alanine 
present,  and  then  perfused  with  a  Ca  -*re«  eediua  containing  a  high  (42  ■*) 
or  low  (S  m.  Control)  concentration  of  KCI. 


(e)  Contribution  of  homoexchange  to  the  observed  release  of  [3h]  GABA. 
Depolarizing  agents,  such  as  K*  and  veratridlne,  stimulate  the  inward 
transport  of  Na+  and,  therefore,  are  also  capable  of  enhancing  Na+-dependent 
amino  acid  homoexchange  We  have  demonstrated  that  roughly  50<  of  the 

[3h]  GABA  accumulated  by  glomerular  particles  can  be  attributed  to  an  exchange 
of  radioactive  for  nonradloactive  GABA  (Table  IV)  which  is  Ca2+-independent. 
These  observations  suggested  a  mechanism  which  may  well  account  for  the  large 
Ca2*-lndependent  component  of  [3h]  GABA  release  measured  in  our  earlier 
experiments.  To  explore  this  possibility,  we  conducted  the  following  series 
of  experiments.  Glomerular  particles  were  preloaded  with  [3h]  GABA  as 
described  above  (Section  IVa)  and  spontaneous  release  (baseline  control)  was 
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measured  by  perfusing  with  a  Ca2+-free,  low  K+  (5  mM),  medium.  Homoexchange 
of  recently  accumulated  [3h]  GABA  was  maximally  stimulated  by  adding  cold  GABA 
(25  uM)  to  this  perfusing  medium.  The  Ha*  dependence  of  GABA  homoexchange, 
stimulated  In  this  manner,  was  tested  by  perfusing  with  a  Na*-free  medium  to 
which  GABA  (25  uM)  had  been  added  (NaCl  was  replaced  by  an  equlm.olar 
concentration  of  choline  chloride  and  K2HPO4  was  substituted  for  Na2HP0i|). 
Finally,  glomerular  particles  were  depolarized  (42  mH  K+)  In  the  presence  of 
GABA  (25  uM)  In  order  to  determine  whether  homoexchange  and  neurosecretion  are 
additive  under  these  conditions,  or  If  [3h]  GABA  efflux  can  be  explained 
solely  on  the  basis  of  a  homoexchange  process. 

Figure  9  shows  that  GABA  has  an  extremely  potent  stimulatory  effect  on 
[3h]  GABA  efflux  which  Is  absolutely  dependent  on  Ha*  Ions.  The  magnitude  of 
GABA-evoked  release  Is  greater  than  that  produced  by  a  maximally-stimulating 
dose  of  either  K*  (Fig.  4)  or  veratrldlne  (Pig.  5).  This  appears  to  be 
consistent  with  the  suggestion  that  these  depolarizing  agents  Indirectly 
stimulate  [3h]  GABA  release  by  enhancing  the  activity  of  a  Wa ^-dependent 
exchange  or  GABA.  Since  GABA  acts  more  directly  on  this  exchange  mechanism, 

It  would  be  expected  to  have  a  more  potent  Influence.  However,  homoexchange 
can  not  account  for  all  of  the  [3h]  GABA  released  In  response  to  membrane 
depolarization.  This  conclusion  Is  supported  by  the  fact  that  [3h]  GABA 
release  Is  slightly  Increased  when  K*  (42  sd)  is  added  to  a  GABA  containing 
perfusion  medium  (Fig.  9).  These  experiments  provide  a  dramatic  example  of  how 
misleading  the  results  of  such  release  studies  can  be  when  one  fails  to  take 
Into  account  the  contribution  made  by  homoexchange,  particularly  when  complex 
neuronal  preparations  (l.e.,  brain  slices,  prisms)  are  utilized. 


*  Control 
0  25  wM  flMM  only 
x  2s#<  r.u*  ♦  *2  m  i* 
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Supor fusion  Tlno  (nln.) 

Fig.  9.  Effect  of  external  GABA  on  deoolarizat ion- induced  release  o*  recently  accumlaged 
(  H)GAM.  r.ionerular  particles  vert  perfused  with  10  si  of  a  Ca  -free,  low  ( 
■odium  and  then  exposed  to  GAIA  (2S  #4)  with  or  without  high  K  (42  #4)  or  Na  . 
Each  curve  is  the  average  of  three  separate  determinations. 


(f)  Neuroaecretlon  of  [3h]  GABA  from  cerebellar  glomeruli.  Having 
demonstrated  the  importance  of  controlling  for  homoexchange  when  measuring 
depolarization-induced  release  of  amino  acids,  we  endeavored  to  establish  such 
a  control  procedure.  We  were  able  to  accomplish  this  by  perfusing  the 
glomerular  particles  with  10  ml  of  a  medium  containing  cold  GABA  (25  uM)  prior 
to  depolarization.  Pretreating  the  glomeruli  in  this  fashion  Insured  that  the 
exchangeable  pool  of  GABA  had  equilibrated  prior  to  further  experimentation, 
thus  eliminating  homoexchange  as  a  contributing  factor.  Figure  10  shows  that 
this  is  Indeed  the  case,  since  the  spontaneous  efflux  of  [3h]  GABA  is  no 
longer  stimulated  by  perfusing  glomeruli  with  an  additional  10  ml  of  medium 
containing  GABA.  Under  these  conditions,  if  one  now  depolarizes  the 
glomerular  particles  with  a  high  concentration  of  K+  (50  mM) ,  and  [3h]  GABA 
efflux  occurs,  it  may  be  assumed  to  represent  a  neurosecretion  of  the  amino 


x«  •W" 


rVVV" 


AY.*?- 

[■■y'y-'y- 

*•  V  ■ 


\  •  v 

y*  ‘i"  ' 


•  «U*.  -  »'• 


vvv-v 

'  ■>  •  W  * 
.V'.C 


.•* 

C\«\v. 

- 

i'S? 


.*•.*» 


V.'7v- ' 


V-  t 


•v.y.-.v 

- y .  * .  • .  • ,  • 


v  >vAvv-vvv.\vy.v.^ v A'.'-yy 


.*->  >.v 


.  .-.y ••V'.v, 


both.  The  release  studies  described  above  are  to  first  be  used  to  determine 
which  neurotransaltters  are  released  in  the  glomeruli.  Candidates  Include 
acetylcholine,  glutamate,  glycine,  aspartate,  and  as  disoussed  here,  GABA.  The 
criteria  used  to  Identify  any  candidate  as  a  glomerular  transmitter  are  the 
same  as  those  described  previously  for  GABA  and  thus  the  same  uptake  and 
release  studies  should  be  repeated  for  eaoh. 

In  order  to  complete  the  GABA  release  studies  begun  this  summer,  the  K* 
and  veratrldlne  depolarization,  and  calcium  dependence  studlea  described  In 
Part  IV  should  be  repeated.  In  this  way,  It  will  be  possible  to  observe  any 
true  calcium-dependent  release  separately  from  the  transport  contribution.  In 
addition,  release  should  be  observed  in  the  presence  of  the  voltage-sensitive 
Na+  channel  blocker,  tetrodotozln.  A  high-performance  liquid  chromatography 
separation  should  be  carried  out  on  the  release  product  to  establish  what 
percentage  of  radioactivity  repreaents  nonapeclfloally  labelled  metabolites 
rather  than  GABA. 

Finally,  the  following  should  be  done  to  verify  and  characterize  the 
Ca++-dependence  of  release.  Inhibition  of  release  by  Ca+*  channel  blocker 
verapamil  In  the  presenoe  of  calcium  and  a  depolarizing  aolutlon  should  be 
demonstrated.  Conversely,  GABA  release  In  the  presenoe  of  Ca-lonophore 
A23187,  calcium,  and  nondepolarizing  solution  should  occur.  Saturablllty 
should  be  Investigated  by  varying  Ca**  concentration  at  a  given  depolarizing 
concentration  of  K*  or  veratrldlne. 

Once  the  glomerular  neurotransaltters  have  been  tenatlvely  Identified, 
preaynaptlc  modulators  of  their  release  can  be  studied.  A  variety  of 
neuronodulators  with  a  corresponding  variety  of  preaynaptlc  receptors  have 
been  shown  to  modulate  transmission  patterns.  Such  modulators  may  originate 


In  tin  mm  neuron  as  the  presynaptlc  receptor,  or  In  adjacent  nerve 
t era Inals.  Of  specific  note  here  will  be  the  action  of  nucleoside 
neuroaodulators  and  their  interactions  of  neurotransaltters. 

The  nucleoside  adenosine  has  been  demonstrated  to  restriot  Ca2+  entry  and 
thus  inhibit  Ca2+-dependent  transmitter  release.  A  high  density  of  adenosine 
receptors  has  been  deaonstrated  in  the  granule  oell  layer,  and  thus  may  be 
present  in  the  gloaerulus.  Since  the  criteria  to  identify  a  substance  as 
neur aaodulator  include  the  presence  of  aetabollzlng  enzymes  for  that 
substance,  it  would  be  useful  to  assay  for  the  presenoe  of  adenosine  deaminase 
and  nucleosidase  In  the  gloaerulus.  These  enzymes  catalyze  the  breakdown  of 
adenosine  to  lnoslne  and  hypoxanthine.  Their  presence  would  suggest  that 
adenosine  is  normally  present  in  vivo  in  the  oerebellar  gloaerulus. 

If  adenosine  Is  indicated  as  a  glcaerular  neuroaodulator,  it  will  then  be 
appropriate  to  measure  variation  of  K+~lndueed  release  of  a  given 
neurotransmitter  in  the  presence  and  absence  of  adenosine  receptor  agonists.  A 
dose  response  curve  could  then  be  correlated  to  the  known  affinity  of  the 
agonist  for  the  adenosine  receptor.  In  addition,  specific  binding  may  be 
determined  using  displacement  techniques.  It  would  be  of  Interest  to  test  the 
effects  of  other  nucleosides  such  as  guanosine,  cytldlne,  and  uridine  in  the 
glomerular  preparation. 

The  simplicity  of  neural  components  in  the  gloMrular  preparation  is  an 
advantage  over  the  often  used  tissue  slices  to  study  the  nature  of 
neurotransmitter  interaction.  Superfusion  is  also  advantageous  over  other 
release  methods  in  that  endogenously  produced  substances  are  rapidly  cleared, 
and  the  results  of  added  antagonists  only  are  observed.  With  this  method,  the 


variation  In  release  of  a  specific  labelled  neurotransmitter  In  response  to 
another  neurotranaaitter  agonist,  or  antagonist,  may  be  studied  to  give  some 
Insight  Into  polysynaptic  communication  in  a  multi -transmitter  environment. 

The  possibilities  for  neurotransmitter  and  neurcmodulator  Interactions  are 
many.  Therefore,  the  results  of  each  study  will  determine  the  next  most 
appropriate  direction  for  research.  The  prospect  that  Interactions  within  the 
oerebelus  can  be  elucidated  is  evicting  since  the  glomerulus  promises  to  be  a 
simple  prototype  for  multlsensory  integration  leading  to  response.  A  complex 
and  Intriguing  extension  of  this  concept  of  chemical  Integrative  processes  in 
local  neuronal  circuits  Is  the  suggestion  that  each  neuron  may  have  a  unique 
set  of  membrane  conductances  determined  by  Its  type  and  environment. 
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A  Dynamic  Approch  to  Airframe  Cost  Estimation 
by 

Bruce  R.  Hannon 


ABSTRACT 

Traditionally  cost  estimation  for  military  airframe  programs  has 
ignored  important  aspects  of  economic  theory.  The  progress  function  has 
been  the  dominant  analytical  tool  used  in  relating  production  quantities  to 
airframe  cost.  Efforts  have  been  made  to  synthesize  the  progress  function 
with  neoclassical  economic  production  and  cost  theory.  The  most  promising 
of  these  efforts  posits  a  dynamic  cost  function  where  the  production 
process  is  modeled  taking  Into  account  the  effects  of  learning  and  production 
rate.  This  research  examines  this  approach  and  provides  an  empirical  test 
of  Its  validity.  To  do  this  a  dynamic  cost  model  Is  applied  to  the  F-4 
airframe  program  and  parameters  are  estimated  using  historical  production 


I.  INTRODUCTION 

In  the  realm  of  cost  estimation  for  military  airframe  production 
programs  "learning  curves"  or  "progress  functions"  hold  an  important  role. 
Traditional  neoclassical  economic  cost  theory  has  more  often  than  not  been 
ignored  as  a  tool  in  cost  estimation;  conversely  the  concept  of  learning  by 
doing  has  not  drawn  much  attention  in  the  economics  literature. 

Historically  cost  estimating  in  the  military  environment  has  been 
achieved  through  the  use  of  a  variety  of  techniques: 

1)  Industrial  engineering  time  standards, 

2)  Parametric  cost  estimating  models, 

3)  Learning  curves. 

These  methods  and  combinations  of  methods  have  been  used  with  varying 
degrees  of  success  throughout  the  post  WWII  period.  The  general  orientation 
of  these  approaches  has  been  toward  cost  estimation  in  the  program  planning 
stages  of  a  weapons  system  prior  to  the  start-up  of  actual  production. 

This  study  does  not  concern  itself  with  industrial  engineering  time 
standards  or  parametric  cost  models.  The  problems  in  disaggregating  the 
production  process  and  trying  to  judge  cost  by  engineering  time  standards 
flow  from  the  perverse  incentives  endemic  to  the  political  ana  contracting 
peculiaries  of  government  weapons  procurement,  i.e  there  is  a  tendency  to 
be  over-optimistic  when  estimating  costs  through  industrial  engineering 
time  standards.  Parametric  cost  models  are  less  subjective;  they  are  based 
upon  cross-sectional  regression  models  in  which  the  dependent  variable  is 
specified  as  the  cost  of  the  ith  aircraft  while  the  independent  variables 
are  the  aircraft's  physical  and  performance  characteristics.  As  parametric 
models  are  estimated  using  historical  data,  and  the  technological  volitility 
of  the  aerospace  industry  must  be  taken  as  a  given,  this  approach  has 
obvious  flaws.  However,  parametric  cost  models  have  proven  to  be  more 
accurate  than  the  industrial  engineering  approach  and  thus  are  important 
tools  in  the  cost  estimators'  repertoire. 

Both  of  these  methods  are  geared  toward  producing  cost  estimates  in 
the  planning  stages  of  the  weapons  procurement  process  and  thus  are  not 
well  suited  to  providing  cost  updates  once  production  has  started.  These 
cost  updates  are  important  because  of  the  special  nature  of  the  funding 
process  for  military  airframe  programs.  Before  production  commences  on  a 
given  weapons  system  a  tentative  monthly  production  schedule  is  negotiated 
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between  the  government  and  arms  contractor  for  the  life  of  that  program. 

This  schedule  is  then  used  by  the  contractor  for  production  planning 
purposes.  This  tentative  schedule  however  is  contingent  upon  annual 
appropriations  from  Congress  which  are  then  formalized  through  annual 
contractual  agreements  between  the  Department  of  Defense  and  the  contractor. 
Thus  there  is  a  need  to  estimate  cost  changes  arising  from  changes  in 
production  schedules  after  production  is  started. 

At  first  glance  learning  curve  analysis  seems  to  hold  much  promise  in 
coming  to  terms  with  the  cost  updating  problem.  The  learning  curve  or 
progress  function  is  based  upon  the  observed  decrease  in  per-unit  production 
costs  as  cumulative  output  increases.  Many  reasons  for  this  phenomena  have 
been  suggested;  a  good  summary  can  be  found  in  Asher  : 

1.  Job  familiarization  by  workers, 

2.  General  improvement  in  tool  coordination,  shop  organization,  and 
engineering  liason, 

3.  Development  of  more  efficiently  produced  sub-assemblies, 

4.  Development  of  more  efficient  parts  supply  systems, 

5.  Development  of  more  efficient  tools. 

It  can  be  seen  that  a  change  in  contracted  orders  for  a  given  year 
will  change  the  manufacturer's  relative  position  on  the  learning  curve  and 
thereby  change  the  average  per  unit  cost  of  airframes  procured  in  that 
year.  However,  learning  curves  are  still  deficient  for  the  cost  updating 
problem  because  they  ignore  all  facets  of  microeconomic  cost  theory  which 
impact  program  costs.  Specifically,  changes  in  contracted  orders  will 
change  production  rate  and  thus  unit  cost;  this  relationship  betwen  production 
rate  and  unit  cost  is  familiar  to  economists  as  the  U  shaped  average  cost 
curve.  It  has  only  been  recently  that  researchers  in  the  cost  estimation 
field  have  attempted  to  integrate  economic  theory  with  traditional  learning 
curve  analysis.  These  attempts  at  integration  (e.g..  Smith  ,  Large,  et 
al .  ,  Bemis  ,  Cox  and  Gansler  ,  Crouch  )  have  generally  been  unsatisfactory; 
they  have  either  found  production  rate  to  be  a  statistically  unimportant 
variable  or  have  been  riddled  with  statistical  problems  (i.e.  multicolinearity) 
associated  with  the  elementry  log-linear  specification  of  their  models 
(Gul ledge  ). 

More  recently  promising  attempts  at  integration  have  been  made  in  the 
economics  and  management  science  literature.  These  efforts  have  centered 
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around  the  specifications  of  learning  augmented  dynamic  cost  and  production 
functions  (e.g.,  Rosen  ,  Washburn  ,  Womer  ,  and  Gul ledge  ). 

II.  OBJECTIVES 

The  purpose  of  this  research  is  to  provide  insight  into  these  new 
developments  by  empirically  testing  the  robustness  of  a  learning  augmented 
dynamic  cost  function.  The  hope  is  that  validation  or  rejection  of  such  a 
model  will  add  to  research  efforts  aimed  at  Integrating  traditional  economic 
tneory  with  the  learning  by  doing  hypothesis.  The  point  of  departure  for 
this  study  can  be  found  in  the  work  of  Womer  and  Gul ledge  .  Their  approach 
to  the  problem  is  to  specify  a  homogeneous  production  function  in  which  a 
learning  hypothesis  is  explicitly  included.  This  production  function  is 
restated  as  a  constraint  to  an  optimization  problem  where  the  discounted 
costs  of  production  are  minimized.  The  first  order  conditions  are  then 
solved  for  the  optimal  time  paths  of  resource  use  rate  and  discounted  cost. 
The  solution  to  the  optimization  problem  can  be  reformulatd  in  such  a  way 
as  to  allow  the  estimation  of  the  model  parameters  using  historical  airframe 
production  and  cost  data.  In  this  effort  the  Woiner-Gu 1 1  edge  model  is 
restated  so  that  application  of  a  richer  and  more  disaggregated  data  series 
is  feasible.  Parameter  estimation  is  achieved  using  nonlinear  least 
squares. 

III.  WOMER  AND  GULLEOGE 

- J6 

Womer  and  Gul ledge  take  into  account  four  "cost  drivers"  wnen  they 
specify  their  learning  augmented  production  function.  Two  of  tnese  cost 
drivers  are  related  to  the  learning  by  doing  hypothesis  while  two  others 
are  associated  with  production  rate  effects  more  familiar  to  neoclassical 
economic  theory.  All  of  these  cost  drivers  are  drawn  from  the  frame  of 
reference  of  a  conceptual  production  line. 

The  first  learning  effect  influences  efficiency  at  each  station  on  the 
production  line;  as  the  cumulative  number  of  airframes  whicn  has  gone 
through  a  given  work  station  increases,  that  work  station  becomes  more 
efficient.  This  is  the  effect  which  is  most  ofter  asociateo  with  the 
learning  by  doing  concept. 


The  second  learning  effect  deals  with  learning  over  tine  which  takes 
place  independently  of  activity  at  a  given  work  station.  Womer  and  (iul ledge 
clarify  this  point:  “a  position  late  in  the  production  line  may  benefit 
from  the  experience  of  earlier  positions,  thus  work  at  later  positions 
proceeds  more  efficiently  than  work  at  early  positions  on  the  same  airframe". 

The  first  rate  effect  relates  costs  to  the  speed  of  the  production 
line.  To  increase  the  speed  of  the  production  line  more  labor  must  be 
applied  to  each  position  on  the  line;  as  each  position  is  crowded  diminishing 
returns  to  labor  are  expected. 

A  second  way  to  increase  production  rate  is  to  increase  the  length  of 
the  production  line.  Specifically,  this  means  adding  more  stations  to  the 
production  line,  which  in  turn  requires  having  more  airframes  in  the 
production  facility  at  a  given  time  and  a  more  intensive  use  of  tools  and 
other  equipment.  This  general  crowding  of  fixed  resources  adversely 
affects  production  efficiency  and  unit  costs  may  increase. 

Momer  and  Gul ledge  attempt  to  capture  these  four  cost  drivers  in  an 
estimable  analytic  model.  This  model  is  geared  to  tne  application  of  data 
from  the  C141  transport  airframe  production  program.  Tnis  data  consists  of 
91  quarterly  observations  applicable  to  airframes  aggregated  into  batches 
and  lots  respectively.  Tne  next  sections  will  present  the  model  in  a  form 
applicable  to  a  richer  and  more  extensive  data  series  describing  the 
production  history  of  the  F-4  fighter  program. 

IV.  THE  F-4  PHANTOM  II  PROGRAM 

The  F-4  or  Phantom  II  was  designed  and  built  by  the  McDonnell  Aircraft 
Corporation  of  St.  Louis  Missouri.  As  a  multirole  fighter  the  F-4  operates 
from  carrier  decks  or  SUOU  loot  runways;  it  has  prodigious  ground  attack 
capabilities  yet  is  still  an  effective  air  superiority  fighter.  The  first 
F-4  was  flown  on  May  2/,  1958  and  deliveries  continued  until  1979.  The 
Phantom  II  is  operational  within  the  U.S.  Air  Force  and  Navy  as  well  as 
numerous  foreign  air  forces.  The  F-4  program  was  initiated  by  the  U.S. 

Navy  and  the  first  production  series  were  flown  by  the  Navy  in  an  Interceptor/ 
attack  role.  However,  later  versions  were  built  to  suit  the  needs  of  the 
U.S.  Air  Force  and  foreign  air  forces  as  well  as  the  Navy’s  own  reconnaissance 
fleet;  an  updated  model  of  the  Navy's  original  design  was  also  built 
incorporating  extensive  airframe  modifications.  In  ail,  10  distinct  models 
of  the  F-4  were  produced. 
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As  can  be  Imagined  this  heterogeneity  could  greatly  complicate  the 
task  of  data  analysis.  This  is  particularly  true  when  we  are  tryiny  to 
estimate  learning  effects:  there  is  always  a  question  of  the  applicability 
of  learning  gained  from  the  production  of  an  airframe  dissimilar  to  the 
subject  airframe.  Tnis  is  not  an  Insurmountable  problem  but  the  researcher 
felt  It's  defeat  was  beyond  the  scope  of  this  project.  Because  of  this 
problem  and  the  massiveness  of  the  data  collected  over  the  span  of  F-4 
production  it  was  decided  that  only  those  observations  associated  with  the 
original  Navy  model  would  be  used.  This  however  still  leaves  a  very 
extensive  data  series  intact. 

Data  for  this  study  is  drawn  from  two  sources.  Direct  man  hours  per 
month  by  block  of  airframes  are  reported  in  the  McDonnell  Aircraft  Company 
document  “Report  7290-F-4  Cost  Oata".  Aircraft  delivery  dates  by  aircraft 
are  taken  from  tne  Office  of  Assistant  Secretary  of  Defense  (Program 
Analysis  and  Evaluation)  publication  “Acceptance  Rates  and  Tooling  Capacity 
for  selected  Military  Aircraft."  The  original  Navy  production  run 
consisted  of  634  airframes  built  over  a  110  month  period  beginning  January 
1958.  These  634  airframes  were  produced  in  31  blocks  which  in  turn  comprised 
9  production  contracts  or  job  orders.  In  all  617  observations  are  relevant 
to  the  first  F-4  A/B  version  of  the  Phantom  JJ. 

Other  data  problems  were  also  encountered.  Each  contract  had  a  small 
amount  of  manhours  expended  on  work  deemed  common  to  all  the  blocks  within 
that  contract.  These  manhours  nad  to  be  distributed  over  all  the  blocks 
within  the  subject  contract  to  insure  consistency.  Some  blocks  showed  a 
small  amount  of  manhours  expended  in  months  after  all  of  the  airframes 
within  that  block  were  delivered.  These  hours  were  aggregated  into  tne 
last  month  consistent  with  the  delivery  schedule.  Two  observations  indicated 
the  unlikely  occurrence  of  negative  labor  hours  expended.  It  was  assumed 
that  these  negative  hours  represented  effort  expended  in  earlier  months  on 
an  assembly  which  was  subsequently  withdrawn  from  that  block  of  airframes. 
Tnese  negative  hours  were  redistributed  over  months  preceding  their  occurence 
in  the  data. 

V.  THE  MODEL 

The  model  specifies  a  production  function  which  attempts  to  capture 
the  four  cost  drivers  exposited  by  Momer  and  Gu) ledge.  Also  Included  is  a 
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term  which  trys  to  explain  why  production  activity  trails  off  as  a  block  of 
airframes  approaches  completion.  The  discounted  costs  of  production  are 
minimized  subject  to  this  production  function,  and  the  optimal  time  path  of 
resource  use  Is  derived.  Cost  here  Is  measured  In  units  of  the  variable 
resource.  In  this  case,  labor  hours.  This  practice  of  counting  costs  In  terms 
of  labor  hours  Is  considered  a  superior  method  within  military  cost  analysis 
circles.  The  variables  used  when  applying  this  model  to  the  F-4  data  are 
as  follows: 

1  *  an  Index  for  a  block  of  airframes  In  the  same  contract  j,  all 

of  which  are  delivered  by  time  tlj, 

nj  =  the  number  of  blocks  In  contract  j, 

m  =  the  total  number  of  contracts  In  the  production  program, 

Dlj  3  the  total  number  of  airframes  In  block  1  of  contract  j, 

Eij  «  a  measure  of  experience  prior  to  the  midpoint  of  block  1, 

Elj  - 

V  *  the  number  of  airframes  In  production  In  the  facility  at  time  t, 
tb1j  *  the  date  the  work  begins  for  block  1  of  contract  j, 
te1j  »  the  date  the  work  ends  for  block  1  of  contract  j, 
qlj(t)  *  production  rate  at  time  t  on  block  1  of  contract  j, 

Q1j(t)  *  cumulative  production  on  block  1  of  contract  j  at  time  t,  i.e, 

xlj(t)  «  the  rate  of  resource  use  at  time  t  of  block  1  of  contract  j, 

$  ■  a  parameter  describing  learning  prior  to  block  1. 


€  -  a  parameter  describing  learning  on  block  1, 

y  ■  a  parameter  describing  returns  to  the  variable  resources, 

*  *  a  parameter  associated  with  decreasing  returns  In  labor 

productivity  as  a  block  of  airframes  nears  completion, 

v  *  a  parameter  describing  returns  to  the  length  of  the  production 
line, 

■  a  parameter  describing  returns  to  the  size  of  the  batch, 
f  «  the  discount  rate, 

C  *  discounted  program  cost, 

C'  *  discounted  variable  cost  for  a  single  batch  of  airframes. 

The  production  function  Is; 

qlj(t)  -  AV*  Dlf  El j*  Q1j(t)*(tij  -  t)«  xljV^(t).  (1) 

Although  this  function  attempts  to  capture  all  the  forementloned  cost 
drivers  as  well  as  accommodate  economic  theory  It  must  be  recognized  that 
It  Is  still  a  very  simple  representation  of  a  very  complicated  process. 

The  (tlj  -  t)*term  attempts  to  depict  decreases  In  labor  productivity 
which  would  account  for  the  observed  drop-off  *fn  production  activity  as  a 
block  of  airframes  nears  completion.  The  a  priori  explanation  Is  that  as 
an  airframe  Is  readied  for  delivery  the  final  detail  work  and  testing 
procedures  cannot  be  compressed  over  time  because  of  crowding;  It  becomes 
increasingly  difficult  to  substitute  labor  for  time.  Also  implicit  In  this 
term  Is  the  second  learning  effect,  l.e.,  learning  may  occur  over  time  on  a 
given  block  of  airframes.  This  phenomena  Is  more  explicitly  treated  In  the 
Q1j*argument.  Both  *and  a.  are  expected  to  be  between  0  and  1.  The  Elj* 
term  describes  the  more  conventional  learning  effect  where  the  relevant 


learning  Is  assumed  to  have  occurred  while  producing  previously  delivered 
airframes. 

The  first  rate  effect,  the  speed  of  the  production  line.  Is  captured 
In  the  xljfyt)  and  01 j'terms.  The  01^ term  represents  the  number  of 
airframes  In  the  Block,  an  Indication  of  how  mapy  positions  on  the  line  are 
occupied  by  that  Block.  Is  expected  to  be  between  0  and  1.  xljV(t) 
captures  the  effect  of  applying  more  labor  to  a  fixed  number  of  positions. 
Since  the  a  priori  assumption  Is  that  there  are  diminishing  returns  to  the 
variable  resource,  we  expect Y to  be  greater  than  1.  The  second  rate 
effect,  the  length  of  the  production  line.  Is  carried  by  the  \T  term.  The 
expectation  Is  that  as  more  airframes  are  under  contructlon  In  the  facility 
fixed  resources  are  crowded  and  a  small  loss  In  efficiency  results.  Thus  v 
Is  expected  to  be  negtlve  and  of  a  small  magnitude. 

Here  the  objective  of  the  firm  Is  assumed  to  be  cost  minimization. 

This  may  seem  somewhat  unrealistic  in  the  military  procurement  environment, 
but  efforts  have  been  made  since  World  War  II  to  write  cost  minimization 
Incentives  Into  arms  contracts. 

Thus  the  firm's  optimal  behavior  can  be  derived  from  the  following 
problem:  w*  f 


Min  C 


2  l  S 

>1  i»t 


*y 


c  *  c  1C. 

Subject  to:  qlj(t)  ■  AV*  D1jK  El j*  Q1j#(t)  (tlj  -  t)  xlj^(t) 


Qlj  <Aj)  -  Dlj 


Qlj  (tlj)  -  0. 


This  Is  an  optimal  control  problem  which  may  be  transformed  Into  a  problem 
of  Lagrange.  This  can  then  be  solved  using  classical  variational  techniques. 
Due  to  space  limitations  we  will  sidestep  the  rather  lengthy  and  Involved 
mathematical  exposition  of  this  solution.  (Womer  and  Gulledge^  provide  a 
thorough  mathematical  discourse  on  an  almost  Identical  problem).  Instead, 
we  will  go  directly  to  the  optimum  time  path  of  resource  use: 

xlj(t)  -  r*K[f  (3) 

« v/f  r-i)  *i]  x  (A  -*)*iyo'-i)  ct(  c*j 

l  t  Wh*rf  «Y/fY-  1s  th& 

Incomplete  gamma  function.  >  * 


Is  the 


As  the  data  for  the  F-4  program  Is  monthly  data,  the  subject  of 
interest  Is  the  resource  use  over  a  monthly  period.  Where  T,  and  \ 
represent  the  beginning  and  ending  dates  for  a  given  month,  the  procedure 
Is  to  Integrate  (3)  with  T*  and  Ti  as  the  limits  of  integration,  l.e. 

X  (r«^  -  x  ITl\  -X  yw  Jt 

This  yields:  Tfc  (4) 

Xv(.  Tk)-Xif(Ti)*B'ET>D}ll~-’>> 
x  r-»| p(/¥-//)/(7  - 1).  <ty/(y  - 1)+1  ]  V" 
x  {r  |  rp(f#  -  Tj)/(y  - 1 ),  «7/(7  - 1 )+ 1  ]  - 
r  Itp(/#  -  r*)/(7  - 1 ),  07/(7  - 1  )+l  1 } . 

VI.  EMPIRICAL  INVESTIGATION 

To  apply  the  F-4  data  to  this  theoretical  speclfictlon  we  must  restate 
the  problem.  Let  B#  ■  B'  and  B«  *  *Y,/C>-1)*  1  .  As  it  Is  Impossible  to 
estimate  and  Independently,  letX  ■€+*»’  .  The  relevant  expression  Is: 

**(/*  ) - X^T,)  =  - "IT* 

(5) 

x  r*T fA(^-o)/(T-i)  0.1 
x  {rfrp(/#-T,')/(T- 1  ).<?,! 

-riTP(/*-n)/(7-i).0,l}. 

It  Is  possible  to  estimate  the  parameters  In  (5)  using  Marquardt's  comproml 
In  accordance  with  military  practice  the  discount  rate  f  Is  set  at  10%  per 
year. 

The  parameter  estimates  and  aysmptotlc  standard  errors  are  as  follows: 


Parameters 

Estimates 

Standard  Error 

B« 

182.62 

41.10 

B, 

4.66 

0.26 

i 

0.467 

0.022 

Y 

1.017 

0.0012 

V 

-  0.262 

0.057 

X  was  not  significantly  different  from  zero.  WhenA  is  set  to  o,  l.e. 
the  effects  of  the  Q1j*and  D1jwterms  are  Ignored,  negligible  Increases  are 
observed  In  the  residual  sum  of  squares.  As  can  be  seen  all  of  the  other 

parameters  are  significantly  different  from  zero.  All  of  the  significant 
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parameters  are  consistent  with  a  priori  expectations  and  the  values  previously 
estimated  using  C141  data.  The  value  of  Y  is  significantly  different  from 
1  indicating  that  there  are  decreasing  returns  to  labor  in  the  production 
process.  The  estimate  for  $  ,0.467,  Indicates  a  721  learning  curve  which 
is  within  the  historically  observed  range  of  learning  curve  values.  The 
small  negative  value  f or  confirms  expectations  about  the  effects  of 

facility  crowding.  The  interpretation  of  X  is  ambiguous.  On  reflection 
the  sign  of  the  a  priori  value  of  is  not  so  clear-cut.  Dlj  could  be 
another  proxie  for  facility  crowding,  indicating  a  negative  value  for  n  . 

On  the  other  nand  Block  size  could  be  analogous  to  planned  production 
volume;  Alchian  postulates  that  as  planned  volume  Increases  unit  cost 
decreases.  The  paramter  measuring  learning  on  a  given  block  of  airframes, 

£  ,  should  unambiguously  carry  a  value  greater  than  zero,  however,  this 
value  could  be  very  small.  It  should  be  noted  that  when  estimation  was 
performed  using  CI41  data  X  was  not  significantly  different  from  zero. 

Overall,  the  model  fits  the  data  very  well.  The  non-linear  least  squares 
estimation  yields  an  R  of  0.79. 

VII.  RECOMMENDATIONS 

The  main  obstacle  to  using  tnis  model  for  day-to-day  cost  estimation 
is  its  large  data  requirements.  However  the  Contractor  Cost  Data  Reporting 
System  may  be  a  source  of  appropriate  data.  Progress  curve  reports  (DD 
Form  1921-2)  supply  labor  hours  by  logical  group,  but  on  inspection  of  some 
"completed"  forms  it  seems  that  percentage  completion  data  is  not  given  • 
where  it  is  specified.  For  the  progress  curve  reports  to  be  potentially 
useful  for  this  analysis  the  percentage  completion  numbers  must  be  supplied. 

Another  drawback  to  this  model  is  that  it  deals  only  with  variable 

costs.  A  comprehensive  approach  to  the  cost  updating  problem  must  also 

4 

grapple  with  the  distribution  of  fixed  overhead  costs.  Balut  presents  a 
methodology  for  doing  just  that,  and  Gul ledge  attempts  to  test  this 
approach  using  data  from  the  F-16  program. 

Research  aimed  at  solving  the  cost  updating  problem  should  follow 
three  different  paths: 

1.  The  Womer-Gul ledge  approach  should  be  explored  further.  Emphasis 
should  be  placed  on  reparameterizing  the  model  in  such  a  way  as 


to  allow  its  application  to  complete  production  programs  where 
multiple  iterations  of  the  original  model  are  produced.  This 
would  allow  estimation  to  be  performed  using  the  whole  of  the  F-4 

data  series.  Also  important  in  this  reparameterization  would  be 

a 

the  clarification  of  the  role  which  the  Qij  and  Oij  terms  play. 

2.  Further  exploration  of  the  overhead  distribution  problem  should 
be  made.  Balut's  approach  seems  to  be  a  suitable  point  of 
departure. 

3.  A  synthesis  of  these  two  approaches  should  be  attempted. 
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Thomas  L .  Hayward 
ABSTRACT 


The  Air  Force  Geophysics  Laboratory  (AFGL)  has  obtained  a 
58x62  gallium-doped  silicon  0R0  array  from  Santa  Barbara 
Research  Center.  This  array  will  be  used  for  ground-based 
infrared  astronomical  observations  in  the  10  micron  band  on 
the  Wyoming  Infrared  Observatory  (UIRO)  2.3-meter  telescope. 
The  estimated  infrared  background  radiation  from  the  telescope 
and  the  earth's  atmosphere  requires  very  fast  readout  electro¬ 
nics  for  this  device.  A  prel iminary  design*  based  on  Motorola 
MC68010  microprocessors  running  at  10  MHz,  is  presented  in 
this  report.  Two  68010's  will  handle  preliminary  co-adding  of 
data  as  they  come  from  the  array,  dumping  the  co-added  data  to 
the  UIRO  PDP-11/34  minicomputer  at  regular  intervals.  Other 
elements  of  the  system,  including  a  prel iminary  co-adding 
routine  for  the  68010,  are  discussed  briefly.  A  discussion  of 
the  work  yet  to  be  done  concludes  the  report. 
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laboratory  tasting,  followed  by  observing  on  the  Wyoming 
Infrared  Observatory  (UIRO)  2. 3-meter  telescope. 

The  present  array  actually  consists  of  two  arrays!  a 
58x62  unit  cell,  gallium-doped  silicon  photoconductive  detec¬ 
tor  array  mated  to  a  readout  multiplexer.  Photons  incident  on 
a  detector  array  unit  cell  lead  to  current  at  the  semiconduc¬ 
tor  junction  which  is  integrated  in  the  corresponding  unit 
cell  of  the  multiplexer  array.  Because  the  ‘wells'  in  the 
readout  multiplexer  array  hold  a  limited  number  of  electrons 
(about  10^  before  nonlinearities  become  important)  the  array 
must  be  read  out  periodically.  In  a  DRO  device,  each  unit 
cell  has  its  own  output  MOSFET .  The  voltage  at  the  MOSFET' s 
output  is  proportional  to  the  charge  stored  in  the  readout 
array  well.  When  a  unit  cel  1  is  addressed  (in  an  X-Y  coordi¬ 
nate  manner),  its  MOSFET 's  output  line  is  switched  to  one  of 
the  array  output  lines.  The  voltage  is  converted  to  a  digital 
signal  which  is  added  by  a  computer  to  the  sum  of  the  previous 
readouts  of  that  unit  cell.  The  unit  cell  is  then  reset  (by 
zeroing  the  charge  in  the  well),  and  another  integration  cycle 
begins.  No  transfer  of  charge  takes  place,  as  in  a  CCD  or 
CIO,  hence  the  name  Oirect  Readout. 

The  gallium-doped  silicon  detector  array  is  sensitive  to 
radiation  at  wavelengths  of  up  to  about  18  microns.  Because 
of  absorption  by  the  earth's  atmosphere,  use  of  this  array 
will  be  limited  to  the  8-12  micron  band.  Since  the  atmosphere 
emits  very  strongly  at  these  wavelengths,  the  wells  fill  up 
very  quickly,  and  very  short  readout  intervals  are  required. 
The  high  background  radiation  problem  is  even  worse  with  the 


AFGL  array  bacauae  only  two  output  1 inaa  ara  available.  Thia 
allowa  only  two  unit  cal  la  to  ba  raad  out  at  once.  which 
1 imita  tha  total  number  of  unit  calla  that  can  ba  raad  out 
before  they  fill  up.  Chopping  techniques.  in  which  tha  detec¬ 
tor  alternately  looka  at  blank  aky  and  tha  IR  aourca  of 
interest .  must  be  uaad  to  aubtract  tha  background  from  tha 
daaired  aignal . 

II.  OBJECTIVES: 

The  main  objective  of  thia  project  waa  to  develop  an 
electronica  design  to  handle  the  very  high  data  rate  from  thia 
array.  In  the  daaign  diacuaaed  below,  thia  problem  ia  mat  by 
using  10  MHz  Motorola  MC68010  microprocessors  to  do  much  of 
the  co-adding  of  array  unit  cells  before  sending  the  data  to 
the  Wyoming  PDP-11  minicomputer  for  more  complicated  data 
processing  and  storage.  This  design  ia  baaed  on  that  used  by 
Arens.  Lamb,  and  Peck  to  read  out  a  CID  array  with  similar 
background  problems. 


III.  THE  ATMOSPHERIC  BACKSBOUND* 

The  intensity  of  the  atmospheric  background  may  be  esti¬ 
mated  by  treating  the  atmosphere  aa  a  blackbody  with  a  tem¬ 
perature  of  295  K  and  an  emissivity  of  0.1.^  The  intensity  at 
the  detector  ia  them 

-  VA  a> 

where  *  (2hc^/k^>  (exp  <hc/\kT)  -  i)“*  (2> 

3  brightness  of  thermal  blackbody  radiation 
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c  *  emisaivity  of  atmosphere  *  0.1 
A  *  araa  of  telescope  primary  mirror 
At  \  3  10  microns,  T  *  295  K»  and  A  =  4.2  x  104  cm?  for  the 
UIRO  2.3-matar  talaacopa.  we  have: 

1^  *  8.9  x  10-4  brg.s-*  .Jim-*  .arcsec-^  (3) 

—13 

The  energy  of  a  10  micron  photon  ia  2  x  10  ergs,  ao  tha 
photon  flux  ia  4.5  x  10  a  1 . um  .ar caac  .  Since  tha  tele- 
acope  ia  alao  emitting  with  approximately  the  aame  temperature 
and  emisaivity,  the  background  ia  about) 

Ix  =  10*®  photons. a-1  .jum“*  .arcsec-^  .  (4) 

For  a  given  number  of  photona  incident  on  the  detector, 
only  a  fraction  of  them  are  converted  to  electrona  which  are 
stored  in  the  readout  array  wells.  The  detector  quantum 
efficiency  (DQE)  ia  the  number  of  electrons  created  in  the 
detector  array  per  incident  photon.  Tha  photoconductive  gain 
ia  the  number  of  electrons  stored  in  the  readout  array  wells 
per  electron  created  in  the  detector  array.  While  the  exact 
specifications  for  the  present  AFGL  array  are  not  yet  avail¬ 
able,  both  the  DQE  and  photoconductive  gain  typically  equal 
about  0.5.  Therefore,  for  every  electron  stored  in  the  read¬ 


out  array  wells,  approximately  four  photona  interact  with  the 
detector  array,  and  the  expected  'fill  rate  per  micron  per 

square  arcsec.'  for  the  readout  wells  ia  approximately 

9  —1  —1  —2 

2.5  x  10  electrona. a  .Jim  .arcsec  . 

The  rate  at  which  the  wells  fill  with  electrona  depends 

on  two  more  parameters:  the  solid  *ngle  of  aky  viewed  by  a 

single  unit  cell,  and  the  bandwidth  of  any  filters  in  the 
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optical  path.  Tha  optics  for  this  array  will  ba  designed  so 
that  2x2  unit  calls  will  fit  within  tha  Airy  diffraction  disk 


of  tha  2.3-meter  telescope  at  10  microns.  Tha  diamatar  of 
this  disk  is  2.2  arcseeonds,  requiring  a  unit  call  size  of 
0.78  arcsaconds.  Each  unit  call  tharafora  will  view  an  area 
of  about  0.6  square  arcsaconds  on  tha  sky  (tha  exact  area  will 
depend  on  tha  spacing  between  tha  unit  cells.  Finally,  to 
reduce  the  incident  background  radiation  at  tha  detector, 
filters  with  relatively  narrow  bandwidths  of  about  0.5  microns 
will  be  placed  just  above  tha  detector. 

Q 

In  tha  above  case,  tha  fill  rata  becomes  about  7.5  x  10 
electrons/sec.  The  well  depth  of  the  AFGL  array  is  about  10^ 
electrons,  so  the  array  must  be  read  out  about  750  times  per 
second  to  prevent  well  overflows,  implying  a  readout  interval 
of  only  1.3  milliseconds.  In  other  words,  if  100  unit  cells 
are  to  be  read  out,  then  50  read  cycles  must  be  executed  in 
1.3  ms  (two  unit  cells  are  read  out  simultaneously,  one  for 
each  output  line).  At  the  end  of  1.3  ms.  the  first  unit  cell 
pair,  which  by  now  is  almost  full  of  electrons,  is  again  read 
out.  starting  another  50  read  cycles.  Uhile  these  calcula¬ 
tions  should  be  considered  only  approximate,  the  readout 
interval  is  of  the  same  order  of  magnitude  as  that  given  for 
an  array-telescope  system  with  similar  characteristics.^ 

IV.  THE  ELECTRONICS  DESIGN! 

Figure  1  shows  a  block  diagram  of  the  proposed  system  to 

handle  the  above  data  rate,  which  is  so  high  that  the  PDP-11 

alone  would  be  able  to  process  only  a  few  unit  cells  in  the 
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1.3  ms  readout  interval .  Even  ths  system  discussed  here  wilt 
not  be  fast  enough  to  process  data  from  the  entire  array  in 
this  interval}  only  a  subset  of  the  array  can  be  read  out. 

The  major  components  in  the  block  diagram  are  summarized 
below.  Note  that  the  components  on  the  'even  column*  array 
output  line  are  duplicated  on  the  'odd  column*  line. 

PDP-11  t  Will  have  overall  control  of  entire  system,  in¬ 
cluding  start  and  stop  of  integrations  and  final  data  pro¬ 
cessing  and  storage. 

Timing  Unit:  Upon  receipt  of  a  PDP-11  command  to  com¬ 
mence  an  integration,  the  timing  unit  will  control  the  more 
detailed  steps  of  the  integration  process. 

Amp  :  One  preampl if ier  for  each  line  amplifies  the 
signal  from  the  array. 

CDS  :  Correlated  Double  Sampler.  This  is  a  circuit 
which  samples  the  preamp's  output  just  before  and  just  after  a 
unit  cell's  signal  appears  on  the  output  line,  and  outputs  the 
difference  between  the  two  readings.  Acts  as  a  filter  of  1/f 
noise  in  the  output  signal .  The  primary  source  of  1/f  noise 
is  the  output  MOSFET's  of  the  array. 

S/H  t  Sample/Hold  circuit.  Samples  the  CDS  output  and 
holds  it  steady  over  the  interval  required  for  the  A/D  convei — 
sion. 

ADC  }  Analog-to-Digital  Converter.  Converts  the  analog 


output  signal  to  a  digital  signal .  A  Burr-Brown  nodal 
ADC  803CM  with  a  1*5  microsacond  conwaraion  tins  is  recom- 
mandad. 

Oual  Parallal  Port  Module  :  This  is  a  Motorola  modal 
MVME  410  I/O  board  which  allows  communications  between  peri¬ 
pherals  and  the  microcomputer  board*  Ui 1 1  be  used  both  for 
input  of  unit  cell  data  from  the  ADC  and  for  output  of  co¬ 
added  frame  data  to  the  PDP-11. 

I/O  Channel  Interface  >  A  Motorola  model  MVME  316  board 
which  interfaces  the  I/O  channel  of  the  DPP  module  to  the  VME 
bus  of  the  68010  microcomputer  board. 

MC68010  Microcomputer  Board  1  A  Motorola  model  MVME  120 

microcomputer  module  based  on  the  MC68010  microprocessor . 

This  board  handles  the  co-adding  of  data  as  it  comes  through 

the  OPP  module  from  the  AOC.  and  stores  data  temporarily  until 

£ 

called  upon  to  transfer  the  co-added  frames  to  the  PDP-11. 

Because  the  timing  unit,  preamp 1  if ier .  correlated  double 
sampler,  and  sample/hold  hardware  has  not  yet  been  selected, 
only  the  general  design  of  these  components  is  discussed  here. 

The  DRO  array  requires  some  rather  complicated  signals 
from  the  timing  unit  to  address  the  unit  eel  Is. ^  To  address 

*  For  detailed  specifications  of  the  AOC  and  these  three 
Motorola  boards,  see  the  Burr-Brown  AOC  803  data  sheet  and  the 
appropriate  Motorola  user's  manuals. 


tively  easily  the  other  control  linos  traveling  to  and  from  it 
as  shown  in  figure  1. 


The  operation  of  the  correlated  double  sampler  has  been 
summarized  above.  More  specifically*  the  CDS  will  first 
sample  the  preampl if ier's  output  just  after  a  unit  cell  is 
addressed.  The  unit  cell  will  then  be  reset*  and  after  an 
appropriate  time  interval  the  signal  again  will  be  sampled* 
and  the  voltage  difference  between  the  two  samples  will  appear 
at  the  COS  output.  A  HOLD  command  to  the  sample/hold  circuit 
then  will  clamp  the  voltage  at  the  ADC  input  while  the  CDS 
circuit  is  reset  and  another  unit  cell  is  addressed.  This  CDS 
scenario  is  based  on  that  given  in  White  et  al 7  for  a  charge 
coupled  device  (CCD)*  but  has  been  modified  due  to  the  diffei — 
ence  in  CCD  and  DRO  readout  steps.  White  al .  presents  a 
circuit  schematic  which  could  be  the  basis  for  the  present 
system . 

The  interval  between  the  two  CDS  samplings  will  be  depen¬ 
dent  on  the  noise  spectra  of  the  output  MOSFET's  of  the  array. 

A  sampling  interval  of  time  t  will  generally  filter  1/f  noise 
with  periods  much  longer  than  t.  While  the  actual  MOSFET 
noise  spectra  are  not  yet  available*  the  interval  for  other 
systems  is  about  8  microseconds.  ’  When  the  unit  cell  address 
time*  amplifier  settling  time*  reset  time*  and  sample/hold 
aquisition  time  are  added  on*  the  total  time  to  read  a  unit 
cell  could  be  as  long  as  15  microseconds.  These  estimates  are 
highly  speculative*  but  it  appears  that  this  phase  of  the 
readout  process  will  be  about  two  times  slower  than  the  68010 
coadding  phase.  At  15  microseconds  per  unit  cell  pair*  almost 
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lines.  In  this  design*  ports  1A  end  IB  are  configured  as  input 
ports  (by  the  software  presented  below)*  and  ports  2A  and  2B 
are  output  ports.  The  control  register  for  port  1A  is  con¬ 
figured  so  that  a  high-to-low  transition  on  C1A1  (port  1A* 
control  line  1)  will  set  bit  7  of  control  register  1A  to  a 
value  of  1*  and  so  that  C1A2  is  high  when  bit  7  is  set.  Bit 
7  is  cleared  when  data  register  1A  is  read  by  the  68010. 

As  shown  in  figure  1*  the  AOC  status  line  is  connected  to 
C1A1*  and  C1A2  leads  to  the  timing  unit.  When  the  68010  has 
finished  the  previous  addition*  it  will  poll  bit  7  of  control 
register  1A.  The  high-to-low  transition  of  the  ADC  status 
line  (the  EOC  signal)  will  set  bit  7  and  cause  control  line 
C1A2  to  go  high.  The  timing  unit  should  be  programmed  not  to 
send  a  new  convert  pulse  to  the  AOC  while  C1A2  is  high;  this 
helps  to  prevent  missing  data*  which  would  ruin  an  integration. 
When  the  68010  finds  bit  7  set*  it  reads  the  data  registers  1A 
and  IB.  Bit  7  is  cleared  after  the  data  is  read,  which  tells 
the  timing  unit  that  the  data  is  safely  within  the  micropro¬ 
cessor  and  the  DPP  is  ready  to  accept  more  data  from  the  ADC. 

The  data  entering  the  68010  from  the  DPP  is  a  16-bit 
word.  The  four  moat  significant  bits  (MSB)  are  all  zeroes;  the 
twelve  least  significant  bits  (LSB)  are  ADC  input.  The  co¬ 
added  data  stored  in  memory*  however*  will  be  32-bit  words* 
allowing  2^  3  1*048,576  additions  of  12-bit  ADC  data.  At  1.3 
milliseconds  per  readout*  integrations  of  over  200  minutes 
will  be  possible  before  longer  words  are  required.  In  prac¬ 
tice*  most  integrations  will  be  only  a  few  minutes  long.  The 
68010  will  add  the  new  data  to  the  proper  memory  location* 
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then  will  resume  polling  of  bit  7  of  control  register  1A,  as 
described  above*  until  new  data  become  available. 

V.  SOFTWARE  AND  OPERATING  MOOES t 

A  prel iminary  software  subroutine  to  execute  the  basic 
co-adding  operations  is  presented  in  table  1.  This  subrou¬ 
tine  is  written  in  M68000  assembly  language  code.  The  five 
columns  are:  (1)  Line  number;  (2)  Label;  (3)  Instruction 
Mnemonic;  (4)  Instruction  operand;  (5>  Comment.  (Please  refer 
to  one  of  the  many  M68000  programming  books  for  the  details  of 
M68000  instructions  and  the  assembly  language  format.)  In 
summary,  lines  1-10  set  various  labels  equal  to  hexadecimal 
constants.  Lines  12  and  13  reserve  locations  in  memory  for 
the  size  of  the  array  to  be  read  out  and  the  start  address  of 
the  co-added  memory  block.  Lines  15-24  begin  the  actual  pro¬ 
gram  by  initializing  data  and  address  registers  of  the  6r010, 
and  initializing  the  data  direction  and  control  registers  of 
the  DPP  so  that  they  will  function  as  described  above.  Lines 
25-29  compose  the  actual  loop  that  the  68010  executes  once  per 
unit  cell  readout.  At  10  MHz  clock  frequency,  the  68010  will 
require  6  microseconds  to  execute  this  loop.  Adding  the  1.5 
microseconds  required  for  the  A/D  conversion  shows  that  this 
phase  will  run  faster  than  readout  phase  time  of  about  15 
m i croseconds • 

This  program  was  written  to  estimate  the  time  involved  in 


the  co-adding  phase,  and  will  require  considerable  modifica¬ 
tion  before  it  can  be  implemented.  Lines  1-23  will  probably 


be  part  of  a  master  program  which  calls  the  loop  of  lines  25- 
30 .  The  master  program  will  determine  the  starting  address  of 
the  memory  block  that  stores  the  co-adding  results,  and  will 
interpret  information  from  the  PDP-11  to  determine  when  to 
begin  and  end  the  co-adding  to  a  certain  block  of  memory  (see 
bel ow) . 

The  timing  unit  and  the  68010  will  have  to  keep  track  of 
the  chopping  from  source  to  background.  Chopping  is  accom¬ 
plished  by  wobbling  the  secondary  mirror  of  the  telescope. 

The  PDP-11,  which  controls  the  chopping,  will  have  to  tell  the 
timing  unit  to  stop  integrating  while  the  mirror  is  in  motion, 
then  to  resume  integrating  when  finished.  The  PDP-11  will 
also  have  to  tell  the  68010  whether  the  detector  is  looking  at 
the  source  or  the  background.  These  connections,  while  they 
have  not  yet  been  worked  out  in  detail,  could  probably  be 
accomplished  with  two  lines  as  shown  in  figure  2.  The 
INTEGRATE  line  would  be  high  when  the  detector  is  supposed  to 
be  taking  data  and  low  when  it  is  not.  The  CHOP  line  would  be 
high  when  on  the  source  and  low  when  on  the  background.  The 
68010  then  would  be  programmed  to  co-add  to  a  different  block 
of  memory  for  source  and  background  data . 

In  normal  use,  the  68010  memory  will  probably  consist  of 
two  blocks;  a  block  for  source  data  and  a  block  for  background 
data.  The  68010  will  alternate  between  the  two  blocks  de¬ 
pending  on  the  chop  position  as  the  integration  progresses. 

At  the  end  of  an  integration,  the  data  contained  in  each  block 
would  be  placed  on  the  output  lines  to  be  read  by  the  PDP-11. 
Several  other  operating  modes  are  possible,  however.  For 


example,  instead  of  alternating  between  two  blocks  of  memory, 
the  68010  could  write  the  data  from  each  chop  into  a  different 
block.  This  way  the  data  from  a  'bad*  chop  cycle  (say,  one  in 
which  unusual  noise  is  present),  could  be  removed  from  the 
good  data  before  the  individual  chops  are  co-added.  This  may 
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be  a  useful  mode  in  the  testing  phase  of  the  program.  The 
length  of  an  integration  would  be  limited,  by  the  amount  of 
memory  present  on  the  board,  to  a  feu  seconds,  however,  so 
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more  frequent  data  dumps  to  the  PDP-11  would  be  required. 

The  co-added  frame  data  will  be  transferred  to  the  PDP-11 
over  two  standard  16-bit  I/O  buses,  one  for  each  of  the  two 
68010  boards.  One  68010  could  write  16  bits  of  a  32-bit  word 
into  one  PDP-11  data  buffer  while  the  PDP-11  reads  the  data  in 
its  other  buffer.  The  PDP-11  could  recombine  the  data  into 
32-bit  words  for  storage  and  processing. 


The  next  step  in  designing  this  system  is  to  determine 
the  timing  requirements  of  the  CDS,  which  will  drive  the 
overall  speed  of  the  entire  system.  The  timing  signals 
necessary  to  run  the  CDS,  sample/hold  circuit,  and  ADC  will 
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determine  if  a  standard  microcomputer  board  will  serve  as  a 
timing  unit,  or  if  the  timing  unit  will  have  to  be  custom 
built.  The  68010-to-PDP-ll  interface  needs  to  be  more 


fully  developed;  and,  lastly,  the  software  to  run  the  timing 
unit,  68010  microprocessors ,  and  the  PDP-11  needs  to  be 
written  and  tested. 
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OOP  COLUMN  (COMPONENTS  SAME  AS  EVEN  COLUMN) 


Table  ll 

Co-adding 

Subroutine 

1 

DATA 

EQU 

$4000 

2 

PROGRAM 

EQU 

$6000 

3 

DPP 

EQU 

$0 

Dua 1  Para 1 1 e 1  Port  Base 

Address 

4 

0D1A 

EQU 

$0  - 

Offset  port  1A  data 

dir.  register 

5 

DR1A 

EQU 

$0 

Offset  port  1A  data 

register 

6 

CR1A 

EQU 

$1 

Offset  port  1A  control 

register 

7 

0D1B 

EQU 

$2 

Offset  port  IB  data 

dir.  register 

8 

DRIB 

EQU 

$2 

Offset  port  IB  data 

register 

9 

CRIB 

EQU 

$3 

Offset  port  IB  control 

register 

10 

CREG 

EQU 

$24 

High-to-lou  on  C1A1 

sets  CR1A  bit  7  and 

C1A2  until  data  read 

11 

ORG 

DATA 

12 

LENGTH 

OSU 

1 

No.  of  pixel  pairs  to 

add 

13 

STADDR 

DSL 

1 

Start  address  of  co¬ 

added  memory 

14 

ORG 

PROGRAM 

15 

PGM  C0A00 

MOVE A. L 

#OPP,A0 

Get  DPP  base  address 

16 

MOVE . U 

LENGTH, DO 

Init.  pixel  count 

17 

SUB.U 

Ml,  DO 

Branch  on  -1 

18 

MOVE.B 

#7,D1 

Init.  for  BTST 

19 

CLR.B 

CRIA(AO) 

Init.  control  reg.  1A 

20 

CLR.B 

CRIB (A0) 

Init.  control  reg.  IB 

21 

CLR.B 

DOIA(AO) 

Port  1A  is  an  input 

22 

CLR.B 

001B(A0) 

Port  IB  is  an  input 

23 

MOVE.B 

#CREG,CR1A< A0 )  Configure  control 

reg.  1A 

24 

MOVEA.L 

STADDR, A 1 

Get  addr.  of  first 

memory  location 

25 

LOOP 

BTST.B 

01  ,CR1A(A0) 

Has  A/D  conv.  been 

completed?  (8)» 

26 

BEQ 

LOOP 

If  not  then  loop  (6) 

27 

MOVEP.U 

0R1A(A0 ) ,D2 

Else  move  16-bit  A/D 

data  to  D1  (16) 

28 

ADD.L 

D2,(A1>+ 

Add  01 , (A1 ), store  in 

(Al),  increment  (20) 

29 

DBF 

DO, LOOP 

If  count  *  -1,  L00P(10) 

30 

RTS 

Else  end  subroutine 

31 

END 

PGM  COADD 

#  Numerals 

in  parentheses  are  the  number  of  clock  cycles 

required  to  execute  the 

instruction 

on  the  68010,  taken  from 

the  M680Q0  Programmer's  Reference  Manual .  fourth  edition. 

which  ia  available  from 

Motorola. 

The  co-adding  loop  (lines 

25- 

-29)  requires  60  clock  cycles  to  i 

execute,  or  6  microseconds 

if 

the  68010 

is  running 

at  10  MHz. 
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Applied  to  MOE  Categorization  and  Evaluation 

by 

Ron  Hightower 
ABSTRACT 


An  Introductory  discourse  on  network  MOEs  (measures  of  effectiveness) 
provides  the  reader  with  a  brief  background  and  comments  on  some  of  the 
problems  associated  with  MOEs.  Following  this  the  methodology  of  factor 
analysis  is  outlined  and  its  applicability  to  MOE  analysis  is  explained. 
The  three  phases  of  the  method  are  demonstrated  using  actual  MOEs. 
l-'irst  the  intercorrelation  coefficients  of  the  MOEs  are  calculated. 

This  is  followed  by  the  actual  factor  analysis  which  in  this  paper  was 
done  using  the  Principal  Axis  Method.  The  results  of  the  analysis  are 
interpreted  and  the  method  as  a  whole  is  evaluated.  Recommendations 
are  made  as  to  improvements  of  the  method. 
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I.  Introduction 

Communications  networks  are  used  In  many  ways  by  the  amed  forces. 

Old  networks  are  constantly  being  updated  and  new  networks  are  being 
designed.  lihen  designing  or  updating  networks  it  is  necessary  to  evaluate 
the  old  ones  with  respect  to  some  criteria  in  order  to  discover  their 
flaws.  New  networks  must  be  evaluated  to  justify  their  construction. 

It  is  difficult  to  determine  if  a  network  is  good  because  the  term 
'good*  may  refer  to  many  characteristics  and  is  very  subjective.  A 
network  may  be  good  with  respect  to  how  many  users  are  serviced,  what 
percentage  of  the  time  a  message  will  complete  its  intended  path,  how 
susceptible  the  network  is  to  wartime  degradation,  how  wel  information 
travels  through  the  system  during  various  times  of  use,  and  how  such  the 
network  will  cost  to  build  and  maintain.. 

The  above  list  of  characteristics  provcides  an  idea  as  to  what  is 
important  in  evaluating  communications  networks.  .The  concepts  of 
susceptibility  and  information  flow  are  not  well  defined  and  can  only  be 
evaluated  subjectively.  A  subjective  evaluatioi  of  these  characteristics 
would  provide  answers  such  as  'very  susceptible'  or  'not  good  flow'  which 
are  of  limited  usefulness. 

To  avoid  subjective  evaluation,  network  characteristics  are  quantified 
through  the  use  of  an  equation.  By  using  an  equation  to  evaluate  a  network 
a  well-defined  answer  is  produced  that  is  consistent  irregardless  of  who 
calculated  it.  Any  number  that  quantifies  evaluation  can  be  called  a 
measure  of  effectiveness  (MOE).  A  network  NOE  uses  the  basic,  defining 
qualities  of  a  network  and  provides  a  number  which  can  be  used  objectively 
to  discuss  a  network's  worth. 

A  communications  network  can  be  represented  with  a  small  aet  of  numbers 
which  reflect  all  the  network's  characteristics.  All  real  world  qualities 
can  be  combined  into  the  numbers  of  this  list« 

(1)  Probability  that  a  message  will  traverse  a  given  link. 

(2)  Maximum  amount  of  information  flow  possible  through  a  link. 

(3)  The  probability  that  a  message  will  traverse  a  node. 

(A)  Maximum  amount  of  flow  possible  through  a  given  node. 

(5)  Some  numbers  which  represent  the  shape  (topology)  of  the  network. 

The  cost  of  building  a  network  is  not  considered  in  this  paper. 
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Some  MOEs  that  are  commonly  referred  to  in  the  1  terature  are 
connectivity  ,  path  reliability  ,  shortest  path  fron  source  node  to 
destination  node  ,  maximum  flow  from  a  source  node  to  destination  node  • 

Connectivity  is  defined  as  the  ratio  of  node  pairs  that  can  communicate 
after  network  disrution  to  the  number  of  node  pairs  that  could  coonunicate 
originally. 

Path  Reliability  is  the  probability  that  a  given  source  node  can 
talk  to  a  given  destination  node. 

Shortest  Path  between  nodes  does  not  always  refer  to  physical 
distance.  In  communications  networks  the  shortest  ppth  often  means  the 
fastest  path  from  node  to  node  and  total  distance  means  the  total  time 
of  message  travel. 

Maximum  Flow  is  a  measure  of  how  much  information  traffic  can  flow 
from  a  source  node  to  a  destination  node.  Since  every  link  can  only 
handle  a  limited  amount  of  traffic  then  there  exists  some  upper  limit  on 
Che  total  amount  of  information  traffic  from  node  to  node  and  this  MOE 
is  that  limit. 

II.  Objectives 

The  objective  of  this  research  was  to  learn  factor  analysis,  a 
powerful  mathematical  tool,  and  apply  it  to  the  analysis  of  networks. 
Originally  the  factor  analysis  method  was  also  to  be  applied  to  network 
simulation  computer  programs  but  this  proved  co  be  a  fruitless  pursuit 
as  will  be  briefly  explained  later. 

After  the  initial  learning  stage  was  underway  it  became  apparent 
that  the  factor  analysis  method  could  be  of  great  use  in  evaluating  and 
categorizing  MOEs.  Depending  on  the  results  of  the  analysis  it  might  be 
possible  to  replace  the  large  number  of  MOEs  with  a  few  representative 
MOEs  which  would  still  provide  the  same  ability  in  evaluating  networks. 

III.  MOEs,  MODs,  CMOEs,  and  Degrees  of.  Meaningfulness 

A  lengthy  list  of  MOEs  was  developed  and  eventually  it  was  noticed 
that  some  of  the  MOEs  had  a  different  flavor  than  the  others.  The 
distinction  became  apparent  when  computing  the  MOEs  for  a  small  set  of 
example  networks.  It  proved  very  difficult  to  evaluate  all  the  MOEs  in 
a  consistent  manner  and  still  use  the  original  definitions. 
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Th«  MOEs  were  divided  into  three  classes t  Network  Measures  of 
Effectiveness*  Measures  of  Degradation*  and  Corapone  -  Measures  of 
Effectiveness.  Although  related  they  differ  in  usage. 

A  Network  MOE  is  any  numerical  quantity  that  refers  to  the  overall 
performance  of  the  network.  An  example  of  this  is  the  probability  that 
the  network  is  connected  (PC).  Since  every  link  has  a  certain  probability 
of  being  able  to  pass  messages*  then  there  is  a  certain  probability  that 
one  or  more  nodes  will  be  completely  separated  from  the  network.  PC  is 
the  probability  that  every  node  can  talk  to  every  other  node  through  some 
path.  It  is  an  MOE  that  evaluates  the  network  as  one  whole  entity. 

In  contrast  to  Network  MOEs  there  exist  Component  MOEs  which  refer 
to  only  a  part  of  the  network.  A  network  can  be  subdivided  in  several 
ways  and  the  subdivisions  can  be  evaluated  separately.  The  separate  values 
can  then  be  combined  in  various  ways  to  produce  Network  MOEs.  Hofstadter 
referred  to  this  type  of  analysis  as  Reductionists*  where  the  whole  system 
is  evaluated  by  examining  its  parts*  as  opposed  to  Holism  where  the  system 
is  evaluated  as  one  entity.  Examples  of  network  subdivisions  are  links* 
nodes*  source -destination  node  pairs*  and  local  neighborhoods  within  the 
network.  Examples  of  these  MOEs  respectively  are  link  redundancy*  flow 
per  node*  maximum  flow  from  source  to  destination*  and  link  connectivity 
which  evaluates  a  small  neighbor  with  respect  to  a  given  link  usefulness. 

In  addition  to  MOEs  and  CMOEs  a  class  of  quantification  was  derived 
which  measured*  directly. or  inversely*  the  amount  of  degradation  that  a 
network  had  sustained.  These  were  called  Measures  of  Degradation  (MODs). 
An  example  MOD  is  connectivity.  Because  connectivity  is  a  ratio  of  node 
pairs  before  and  after  degradation*  it  will  always  be  exactly  one  unless 
sine  degradation  occurs.  Another  example  of  MOD  type  values  is  the 
percentage  of  links  down*  ie.  the  percentage  of  links  in  the  network  that 
are  unable  to  pass  messages. 

There  are  two  kinds  of  MODs»  directly  and  inversely  related  MODs. 

Links  Down  is  a  direct  MOD  because  as  the  number  of  links  down  increases 
the  amount  of  degradation  increases.  Connectivity  is  an  inverse  MOD 
because  of  connectivity  decreases  (from  1.0  to  0.0)  the  amount  of 
degradation  increases.  They  are  inversely  related. 

The  distinction  between  MOEs  and  MODs  will  become  important  later. 


MOEs  have  different  degrees  of  meaningfulness  and  this  corresponds 
to  different  amounts  of  resolution.  An  HOE  with  high  resolution  will 
have  a  low  degree  of  meaningfulness  and  vice  versa* 

In  the  introduction  a  list  of  characteristics  was  presented  which 
included,  for  example,  susceptibility  to  wartime  degradation.  If  an  MOE 
existed  which  directly  quantized  susceptibility  then  this  MOE  would  have 
a  high  degree  of  meaningfulness  because  it  would  quantize  a  high  level 
concept.  This  same  MOE  would  have  low  resolution  for  the  same  reason. 

By  quantizing  a  high  level  concept  this  MOE  would  be  ignoring  the  details 
of  the  network  being  evaluated.  This  is  analogous  to  viewing  an  oil 
painting  from  so  far  away  that  the  fine  brush  strokes  used  by  the  artist 
can  no  longer  be  seen  but  only  the  picture  itself  is  visible. 

Other  MOEs  exist  which  have  low  degrees  of  meaningfulness  and 
therefore  high  resolution.  An  example  of  a  high  resolution  MOE  is  the 
number  found  by  averagin  the  link  probabilities  of  the  network  together. 
Average  Link  Probability  is  somewhat  useful  in  eva'luating  a  network 
because  it  reflects  the  basic  robustness  at  Xhe  network's  links.  At  the 
same  time  it  ignores  the  topology  cf  the  network  and  the  information  flow 
associated  with  the  links.  Alot  of  information  is  being  ignored  when 
this  MOE  is  calculated  and  so  it  is  said  to  have  a  low  degree  of  meaning¬ 
fulness.  This  is  analogous  to  viewing  the  oil  painting  from  so  close 
that  it  is  impossible  to  discern  the  features  of  the  actual  picture. 

This  is  a  list  of  MOEs  discussed  in  this  paper  and  their  approximate 
meaningfulness i 

HIGH  WNR . NR  weighted  for  all  network  degradation  configurations. 

HIGH  LC . Link  Connectedness  rates  all  links  for  redundancy  and  loading. 

HIGH  AVEREL. ..The  average  probability  that  node  pairs  are  connected. 

HIGH  PC . The  probability  that  all  node  pairs  are  connected. 

MED  CON . The  ratio  of  connected  node  pairs  after  and  before  degradation 

MED  NOD PRB. . .Average  probability  that  node  has  at  least  one  link  up. 

MED  AVESP.... Average  length  of  all  shortest  paths  between  node  pairs. 

MED  AVEMAX... Average  of  maximum  flow  possible  between  node  pairs. 

MED  AVENIP. • .Average  number  of  independent  paths  between  node  pairs. 

LOW  NODFLO. * .Average  amount  of  incident  flow  per  node. 

LOW  AVEPRB>.«The  average  of  all  link  probabilities. 
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MOEs  with  high  aeaningfulness  are  usually  difficult  to  validate 
because  they  quantify  high  level  concepts  which  are  not  well  defined. 

No  objective  standard  exists  for  testing  the  MOE  against.  For  example, 
if  an  MOE  supposedly  quantified  the  susceptibility  of  a  network  to 
wartime  degradation  there  would  be  no  good  number  to  test  it  with. 

If  a  number  already  existed  with  quantified  the  network  susceptibility 
then  where  did  it  cone  from?  and  how  was  its  validity  checked?  It 
is  possible  that  if  several  MOEs  existed  that  were  supposed  to  quantify 
the  sane  characteristic#  like  susceptibility,  then  they  could  all  be 
tested  against  each  other  and  some  sort  of  concensus  could  be  derived. 
(This  is  basically  what  Factor  Analysis  achieves.)  But  the  concensus 
would  not  necessarily  equate  with  susceptibility  because  there  is  no 
guarantee  that  the  entire  set  of  MOEs  is  .hot  also  quantifying  some 
other  characteristic.  There  might  be  a  hidden  characteristic  which 
all  the  MOEs  have  in  common,  that  is  not  related  to  susceptibility. 

This  is  a  problem  with  Factor  Analysis  in  that  when  a  common  factor 
is  mathematically  produced  there  is  nothing  which  explicitly  says 
what  that  factor  is.  It  must  be  interpreted  and  the  results  are  then 
somewhat  subjective. 

Low  level  concepts  are  easier  to  validate  because  the  answer  is 
known  intuitively.  If  an  MOE  quantifies  a  low  level  concept#  such  as 
average  link  probablliti.e%  then  the  answer  is  easy  to  check  by  hand. 

Low  level  MOEs  tend  to  be  used  more  widely  because  they  are  easier  to 
accept.  Connectivity  is  a  straight  forward  MOE,  for  example,  which 
is  easy  to  validate  and  it  is  very  widespread  in  the  literature.  MOEs 
which  try  to  evaluate  many  concepts  at  the  same  time,  such  as  link 
connectivity,  trill  not  enjoy  very  widespread  popularity. 

The  remainder  of  the  paper  outlines  the  Factor  Analysis  methodology 
and  its  implementation.  An  actual  MOE  analysis  is  used  as  an  example 
of  the  process  and  the  results  are  interpreted  as  the  final  step.  Some 
reconendations  for  the  improved  use  of  this  methodology  follow  that. 
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IV.  factor  Analysis 

factor  Analysis  takes  a  set  of  tests*  such  as  MOEs,  and  attempts 
to  find  a  reduced  set  of  tests  which  still  provide  the  same  power  in 
to st ini;  subjects.  Typically,  Factor  Analysis  has  been  applied  to 
psychological  tests  and  most  of  the  literature  deals  with  that  aspect 
of  its  use.  A  set  of  tests  is  applied  to  some  group  of  people  and  the 
roso’ts  are  factor  analyzed.  The  results  would  provide  the  researcher 
with  a  reduced  set  of  tests  or  perhaps  an  idea  for  new,  more  useful 
t^sts.  It  depends  of  whether  the  researcher  is  looking  for  the  common 
factors  that  his  group  of  people  share  or  if  he  is  trying  to  find  a 
small  set  of  tests  to  use  in  further  experiments.  In  this  paper  the 
emphasis  was  on  finding  a  reduced  number  of  tests  for  deciding  the 
•goodness'  of  future  networks,  although  there  was  some  interest  in 
finding  any  factors  that  networks  share  other  than  the  self-evident 
ones. 

(Just  as  a  side  note.  The  Factor  Analysis  Method  had  been 
suggested  as  a  way  to  analyze  computer  simulations  and  determine 
which  of  the  inputs  were  less  important  than  others.  The  idea  was 
to  factor  analyze  the  inputs  and  the  outputs  together  and  if  any  of 
the  inputs  were  close  to  the  outputs  then  they  were  'important'. 

The  problem  was  that  a  correlation  coefficient,  explained  in  the  next 
paragraph,  determines  how  linear  a  relationship  is  and  not  how  sensitive 
one  variable  is  to  a  second.  An  attempt  was  made  to  replace  the 
correlation  matrix  with  a  'sensitivity  matrix'  but  it  was  decided  that 
if  a  sensitivity  matrix  could  be  somehow  be  produced  then  that  would 
be  the  answer  and  factor  analysis  wouldn't  be  necessary.  QED) 

The  correlation  coefficient  measures  to  what  extent  two  tests, 
two  MOEs  for  example,  are  testing  a  common  characteristic.  A 
coefficient  of  .75  means  that  the  two  MOEs  share  just  enough  in  common 
to  be  worth  mentioning.  Anything  below  .7  is  only  correlated  a  little. 
Two  JO.Es  which  are  correlated  better  than  .9  are  quantifying  a  shared 
'--tor,  although  each  has  some  specific  characteristic  that  the  other 
ting.  Above  .98  the  two  MOEs  are  evaluating  the  same 


Although  Fruchter  mentions  several  different  types  of  correlation 

coefficients  he  disclaims  most  of  them  as  being  unsuitable  for  factor 

analysis.  Rummel^  gives  an  interesting  discourse  on  intervariable 

relationships  and  gives  an  equation  for  calculating  the  product  moment 

correlation  coefficient  (to. which  Fruchter  had  given  his  blessing). 

.  3 

Lipson  and  Sheth  reduced  this  same  product  moment  equation  into  a 
more  useful  from,  given  below: 


SQRT<  (nix4  -  (Sxr)  (nly*  -  (Xy)  )  ) 

The  coefficient,  r,  can  be  from  1.0  (perfect  correlation)  to 
0.0  (no  correlation)  to  -1.0  (inversely  perfect  correlation).  To 
convey  an  idea  about  how  closely  related  variables  have. to  be  to 
produce  certain  values  of  correlation, the  plots  in  figure  1  were 
drawn  out.  formally  these  plots  would  not  need  t'o  drawn  but  they  do 
provide  an  idea  about  how  the  variables  are  interrelated. 


AVERAGE  RELIABILITY 
(a)  Good  correlation 


AVERAGE  RELIABILITY 
(b)  Misleading  correlation 


igure  1.  Illustration  of  correlations  between  variables. 


Figure  1  shows  a  problem  with  the  moment -product  correlation 
coefficient.  The  data  points  in  figure  la  lie  roughly  along,  a  line 
from  the  lower  left  corner  to  the  upper  right  corner.  The  r-coefficient 
in  this  case  is  measuring  how  far  the  points  are  spread  away  from  the 
imaginary  line  that  passes  through  them.  In  figyre  lb  this  is1  not  the 
case  exactly.  It  can  be  seen  that  two  distinct  part  exist  in  this 
plot.  On  the  left  there  is  a  portion  where  all  the  data  points  lie 
next  to  the  lower  axis.  This  means  that  the  vertical  value  is  very 
close  to  zero,  independent  of  the  horizontal  values.  The  correlation 
coefficient  for  just  this  portion  of  the  graph  would  be  very  low.  The 
right  half  of  the  graph,  however,  brings  this  number  up  in  value  and 
actually  makes  it  fairly  high.  The  correlation  between  these  variables 
is  at  the  same  time  good  and  bad.  Because  the  correlation  coefficient 
is  a  single  number  there  is  only  so  much  information  that  it  can  reflect. 
According  to  Fruchter,  Rummel,  Lipson,  and  Shethj  the  moment -product 
correlation  coefficient  does  all  right. 

The  correlation  coefficient  must  be  calculated  between  every  two 
MOEs  and  the  values  are  then  put  into  a  symmetrical  matrix.  An  example 
correlation  matrix  is  shown  in  table  la.  It  was  calculated  from  the 
data  in  table  2.  There  are  a  number  of  methods  used  in  Factor  Analysis 
which  convert  the  correlation  matrix  into  a  set  of  factors  and  these 
different  methods  really  form  the  basis  of  Factor  Analysis. 

3efore  continuing  with  the  Factor  Analysis  process,  the  method 
of  computing  the  correlation  matrix  should  be  expounded  upon. 

The  first  step  was  to  choose  a  list  of  MOEs  t  >  evaluate.  Factor 
Analysis  is  rather  sensitive  to  the  list  of  tests  being  analyzed.  If 

two  tests  share  some  sort  of  mathematical  dependence  then  it  is  possible 

2 

for  new  factors  to  be  introduced  that  do  not  actually  exist.  This  was 
a  difficult  restriction  to  observe  because  network  MOEs  are  by  nature 
mathematical  entities,  unlike  the  psychological  tests  that  Factor 
Analysis  is  usually  applied  to.  Two  MOEs  may  be  mathematically  related 
through  some  hidden  process  and  this  could  influence  the  results  harmfully. 
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An  example  of  a  hidden  mathematical  dependence  was  provided  when 
a  new  MOE  was  being  developed.  The  idea  was  to  take  a  given  network 
and  calculate  connectivity  for  all  the  possible  ways  that  the  network 
could  be  degraded.  Each  possible  network  degradation  would  have  a 
certain  probability  of  occuring.and  this  number  would  be  nwltiplied 
by  the  connectivity  calculated  for  that  configuration.  This  WC  MOE, 
unfortunately,  turned  out  to  be  the  exact  same  test  as  Average  liability 
But  that  fact  was  not  discovered  until  the  correlation  matrix  was 
calculated  and  a  1.000  was  found  in  the  appropriate  place.  WH?.  is 
calculated  in  a  similiar  way  as  WC  (weighted  connectivty)  and  it 
is  possible  that  the  high  correlation  between  the  two  is  due  to  this 
mathematical  relationship. 

In  addition  to  WC,  connectivity  and  average  degree  were  left  out 
of  the  MCE  list.  Also  average-number-of-independent-paths.  With  all 
the  flow-per-link  values  set  equal  to  1.0,  some  of  these  MOEs  became 
the  same  test.  When  all  flows  equal  one  the  maximum  flow  between  a 
source  node  and  destination  node  is  the  same  value  as  the  number  of 
independent  paths  so  AVEMAX  is  the  same  as  AVENIP.  The  same  is  true 
for  AVEDEG  and  NODFLO.  Degree  is  the  number  of  links  incident  to  a 
given  node  and  flow-per-node  is  the  sum  of  flows  incident  to  a  given 
node  and  with  all  the  flows  equal  to  one  these  are- the  sane. 

Having  carefully  picked  a  list  of  MOEs  to  evaluate  it  become  time 
to  choose  a  set  of  subject  networks  to  use  the  MOEs  upon.  Because 
some  of  the  MOEs  took  a  very  long  time  to  compute  for  networks  with 
lots  of  links  it  was  necessary  to  limit  the  networks  to  only  ten  links. 

Lf  time  had  permitted  then  larger  networks  would  have  been  used  but 
time  was  a  limited  quantity.  Ten  representative  networks  were  chosen 
Cor  some  particular  qualities  that  needed  to  be  tested.  The  maximally 
connected  network  (see  figure  2a)  is  the  best  network  known  to  modern 
rotworkology.  On  the  other  hand,  the  straight-line  network  is  the  very 
worst  in  some  respects  (2c).  The  basis  for  picking  these  particular 
•'.“tworks  was  to  find  the  boundaries  of  all  possible  networks  and  then 
■>11  other  networks  would  have  to  fall  within  that  envelope. 


Figure  2.  Networks  used  in  analysis 


Each  of  the  ten  networks  above  was  used  five  timesj  once  with 
all  link  probabilities  equal  to  0.1,  once  with  all  link  probabilities 
equal  to  0.3,  0.5,  0.7,  and  0.9.  This  provided  a  sample  of  50  networks 

irincipal  Axis  Method 

There  is  not  space  here  to  outline  the  principal  axis  method.  It 
is  well  defined  in  Fruchter's  book^ .  Briefly,  the  correlation  matrix 
is  tested  to  see  if  the  sum  of  the  columns  is  equal  to  the  sum  of  the 
'or -products  of  the  rows  with  the  column-sum  vector.  If  they  are  not 
equal  then  the  matrix  is  squared  and  the  test  is  made  again.  When  the 
fest  finally  suceeds  then  the  factor  loadings  are  derived  from  the 
column  sums.  These  factor  loadings  are  used  to  calculate  the  residual 
matrix.  This  residual  matrix  is  in  then  tested  and  squared  like  the 
original  matrix  until  the  test  passes.  The  factor  loadings  derived 
rrom  the  columns  sums  this  time  belong  to  the  second  factor.  This 
continues  until  all  the  meaningful  factors  are  determined.  Table  lb 
shows  the  factor  loadings  derived  from  the  correlation  matrix  above  it. 


RESULTS 


The  factor  loadings  in  table  lb.  are  graphically  reproduced  in 
figure  3.  The  principal  axis  method  of  deriving  factors  finds  a  least 
squares  solution1  which  extracts  the  maximum  amount  of  variance  from 
each  factor.  It  also  produces  a  unique  solution  which  is  a  main 
advantage  of  the  principal  axis  method.  What  it  does  not  do  is  align 
factors  so  that  they  pass  through  clusters  of  MOEs. 

Fruchter  describes  a  mathematical  definition  for  clusters  which 
involved  the  calculation  of  a  'B-coefficient'.  The  B-coefficient  gives 
the  ratio  of  the  average  intercorrelation  of  the  variables  in  a  cluster 
to  their  average  correlation  with  the  variables  not  included  in  the 
cluster1.  Fruchter  mentions  an  arbitrary  threshold  of  1.3  for  the  3- 
coefficient  but  then  says  that  the  goal  is  to  find  the  highest  possible 
value. 

For  the  cluster  of  points  (1,2, 3,4,5, 9)  the  B-coefficient  was 
found  to  be  4.0838  and  that  was  the  highest  value' calculated.  Since 
the  factors  are  by  no  means  fixed  in  place.  Factor  1  was  rotated 
until  it  passed  through  the  center  of  the  cluster,  (note  that  factors 
1  and  2  were  rotated  together  to  preserve  orthogonality.)  The 
center  of  the  cluster  was  found  by  averaging  all  the  factor  loadings 
of  the  MQEs  within  the  cluster.  The  center  wasi  Fl*.85,  F2=.36 
which  is  just  below  MOE  number  1  In  the  figure  (WNR). 

INTERPRETATIONS 

What  has  occurred,  then,  is  the  appearance  of  two  MOE  clusters 
which  are  almost  perfectly  orthogonal.  In  Factor  Analysis  if  two 
vectors  are  orthogonal  then  there  is  zero  correlation  between  the  two. 
The  results  here  are  not  at  all  suprising,  but  they  are  revealing. 

The  cluster  of  *,7, and  3  (average  shortest  path,  average  maximum  flow, 
and  average  flow  incident  per  node)  are  all  MOEs  based  on  the  link -flow 
values  and  the  general  topology  of  the  network.  On  the  other  hand, 
the  cluster  of  1,2, 3, 4, 5,  and  9  dealt  with  the  link  probabilities 
mostly,  the  general  topology  in  a  most  cases,  and  the  link-flow 
values  not  at  all. 


mKom 


Note  In  table  la  that  WE  9  (average  probability  of  links)  has 
zero  correlation  with  all  the  MOEs  in  cluster  (£#7,8).  This  was 
because  MOE  9  dealt  only  with  link  probabilities  and  MOEs  £,7,  and  8 
completely  ignored  link  probabilities.  Note  also  that  MCE  9  is  at 
the  far  end  of  the  main  cluster  away  from  the  'flow  cluster'. 

Note  however  that  none  of  the  other  MOEs  in  the  ain  cluster 
used  link-flow  values  in  their  calculations#  yet  they  all  had  sane 
correlation  with  the  flow  cluster.  It  would  seem  po;.  ible  that 
there  is  some  small  characteristic  of  networks  which  jets  evaluated 
by  all  the  MOEs  except  AVEFRB.  This  researcher  suspects  that  this 
small  common  characteristic  is  the  undefi:  ?d  concept  of  'good 
topology'.  Perhaps  with  more  networks  and  more  MOEs  and  more  time 
this  abstract  concept  could  be  gleened  out. 

V.  Recommendations 

That  is  exactly  what  this  researcher  recommends.  Now  that  the 
process  has  been  sketched  out  it  needs  to  be  refined,  validated#  and 
used  on  a  more  extensive  and  well  thought  out  data  base.  Some  of  the 
more  powerful  methods  available  in  Factor  Analysis  could  be  used  such 
as  the  diagonal  and  centroid  methods  of  factoring  and  such  concepts 
as  oblique  factors  if  it  proves  necessary. 

A  list  of  better  defined  and  more  designed  MOEs  could  replace  the 
current  list.  The  method  of  creating  ad  hoc  MOEs  plays  havoc  with 
the  Factor  Analysis  method  and  should  be  avoided. 

Also  it  would  be  good  to  find  somebody  who  really  wants  tht 
results  of  this  research. 


Fruchter,  Benjamin,  Introduction  to  factor  Analysts,  Princeton, 

New  Jersey,  D.  Van  Mostrand  Company,  I-.'C.,  195 i. 

Rummel,  R.J.,  Applied  factor  .Analysis,  Zvar.ston,  ..orr.hwe stern 
University  Press,  1970.  „ 

Lipson,  Charles  and  Sheth,  Narendra,  Statistical  Design  and 
Analysis  of  Engineering  Experiments,  St.  Louii,  icCraw  Hill  Book 
Company,  1973. 

Hofstadter,  Douglas  R.,  Codel,  Cscher,  3ach:  An  -ternal  Colden  Braid 
New  York,  Vintage  Books,  1979. 

Specifically: 

Fruchter  pages  99-104,201 
Rummel  pages  38,213-215 
Lipson  pages  372-373 
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THE  "PROCESSING  WINDOW*  FOR  THE  NEAR  BETA 
Tl-lOV-2Fe-3Al  ALTflY 
by 

Joseph  M.  Hjelm 
ABSTRACT 


The  effect  of  hot  deformation  and  post  deformation 
heat  treatment  on  the  development  of  grain  structure  in  the 
Ti-10V-2Fe-3Al  alloy  was  studied  in  this  project.  It  has 
been  shown  that  a  combination  of  deformation  temperature* 
total  strain,  and  post  deformation  heat  treatment  can  pro- 

n  ft 

vide  a  processing  window  yielding  an  equiaxed  recrystall¬ 
ized  grain  structure. 

W  It 

The  determination  of  the  processing  window  of  commer 
tial  Ti-10V-2Fe-3Al  was  the  object  of  this  project.  Test 
coupons,  taken  from  the  ingot,  were  forged  to  a  30#  (36# 

true  strain)  reduction  at  die  temperatures  ranging  from 
815°C  (1500°F)  to  1230°C  (2200°?).  These  were  then  annealed 
for  1  hr  in  vacuum  at  temperatures  between  870°C  (1600°F) 
and  1343°C  (2450°F).  From  these  tests  we  found  that  a  pro¬ 
cessing  window  does  exist,  with  the  lowest  minimum  anneal¬ 
ing  temperature  being  1175°C  (2150°F)  at  a  forging  temper¬ 
ature  of  980°C  (1800°F).  Suggestions  for  further  research 


in  this  area  are  also  offered 
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I.  INTRODUCTION: 

Processing  beta  titanium  alloys  can  lead  to  the  for¬ 
mation  of  a  mixed  grain  size  structure  containing  both 
large  and  small  grains  (1,2).  During  deformation  of  beta 
titanium  (which  has  high  stacking  fault  energy)  dynamic 
recovery  occurs  so  rapidly  that  dynamic  recrystallization 
is  suppressed  and  consequently,  static  recrystallization  is 
also  slowed  down,  leading  to  the  formation  of  a  partialy 
recrystallized  structure. (3) .  It  was  found,. that  heat  treat¬ 
ment  alone  will  not  remove  this  mixed  grain  size  structure 
(2).  Thus,  processing  from  the  ingot  in  order  to  obtain  the 
desired  room  temperature  mechanical  properties,  requires  the 
control  of  grain  size,  grain  shape,  and  uniformity.  The  com¬ 
bination  of  deformation  temperature,  total  strain  and  post 
deformation  heat  treatment  can  describe  the  conditions  to 
produce  a  '  processing  window"  yielding  a  uniform  grain  size. 

II.  OBJECTIVES: 

The  purpose  of  this  study  was  to  investigate  the  effect 
of  hot  deformation,  post  deformation  heat  treatment,  and 
initial  grain  size  and  shape  (equiaxed  or  columnar)  on  the 
development  of  grain  structure  in  the  Ti-10V-2Fe-3Al  alloy. 

If  M  , 

And  determine  whether  a  processing  window  can  be  found 
for  this  alloy. 


\  v  V 


t , 


III.  MATERIALS  AND  EXPERIMENTAL  PROCEDURE: 

Forging  blanks  (75.5mm  diameter  x  127mm)  were  taken 
from  a  305mm  cast  ingot  with  a  nominal  composition  -of  Ti- 
10V-2Fe-3Al.  These  blanks  were  sectioned  from  the  ingot 
in  the  location  as  shown  in  figure  1,  with  the  structure 
of  the  as  cast  ingot  given  in  figure  2.  These  were  then 
hot  die  forged  to  30%  (36%  true  strain)  reduction  at  tem¬ 
perature  ranging  from  815°G  (1500°?)  to  1225°C  (2235°F)  as 
shown  in  Table  1.  A  1000  ton  hydraulic  press  was  used  at  a 


TABLE  1: 

THERMOMECHANICAL  VARIABLES  USED  TO  PROCESS 
THE  Ti-10V-2F«-6AL ALLOY  INGOT  PREFORMS 


SERIAL 

|  FIRST  UPSET  j 

* 

TEMPERATURE 

•C/CF) 

REDUCTION 

A 

819 

<19001 

30 

B 

•82 

(1800) 

30 

■a 

1148 

(2100) 

30 

B 

1232 

(2280) 

30 

► 


9  ANNEALING 

SERIAL  * 

TEMPERATURE 

•C/CF) 

■(TEIm 

COOLING 

871-1343 

(1800-2490) 

i 

oll-O 

A 

1037-1343 

(1900-2480) 

i 

oll-Q 

B 

1138-1343 

(2078-2480) 

1 

•il-O 

C 

1121-1343 

(2080-1343) 

■ 

oil-O 

B 

ram  speed  of  12.5  cm/min  (5  in/min)  with  the  above  die  tem¬ 
peratures.  Deformed  specimens  were  polished  and  then  macro 
etched  in  Kroll  solution  to  deeply  groove  the  deformed  grain 
boundaries.  The  etched  specimens  were  then  vacuum  annealed 
for  1  hr  at  the  above  temperatures  and  oil  quenched.  After 
quenching  the  specimens  show  on  their  polished  surface  the 
recrystallized  grains  (  thermally  etched)  and  the  prior  de- 


’  ^ 


•  *  S.'  \  ", 
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The  initial  microstruoture  of  the  forging  blanks*  as 
shown  in  Figure  3,  are  different  due  to  the  location  of  the 
blank  in  the  original  ingot  (refer  to  the  ingot  structure 
given  in  Fig.  2).  Samples  A  and  D  show  a  columnar  grain 
structure,  with  some  grains  exceeding  30am  in  length.  While 
samples  B  and  C  have  an  equiaxed  grain  structure,  with  most 
grains  being  smaller  than  23mm.  A  deformation  substructure 
is  seen  in  the  equiaxed  grains  when  deformed  in  excess  of 
1150°C  (2100°F)  as  shown  in  Figure  3c, 


V.  MICRO STRUCTURE  OP  DEFORMED  AMD  ANNEALED  MATERIAL: 

The  micro structure  of  specimens  forged  at  815°C  (1500° 

F)  (Specimens-A) ,  980°C  (1800°P)  (Specimens-B) ,  1150°C 
( 2100°F)  (Specimens-C) ,  and  1230°C  (22gO°P)  ( Specimens-D) 
and  annealed  for  1  hr  at  1205°C  (2200°P)  and  1343°C  (2450°F) 
are  shown  in  Figures  4  and  5 •  respectively.  Specimens  A  and 
D,  initialy  having  a  columnar  grain  structure,  and  annealed 
at  1205°C  (2200°F)  resulted  in  a  mixed  grain  structure  as 
shown  in  Figures  4a  and  4d.  When  annealed  at  1343°C  (2450°F) 
specimens  A  and  D  show  a  fully  recrystallized  grain  struc¬ 
ture  as  shown  in  Figures  5a  and  5d.  Specimens  B  and  C,  ini¬ 
tialy  having  a  equiaxed  grain  structure,  annealed  at  both 
1205°C  (2200°F)  and  1343°C  (2450°F)  also  show  a  fully  re¬ 
crystallized  grain  structure  as  shown  in  Figures  4b  and  5c, 
respectively.  This  fully  recrystallieed  micro structure  ap¬ 
parently  results  from  both  the  difference  in  deformation 
temperature  that  was  used,  980°C  (1800°F)  and  1150°C  (2100°F) 
compared  to  815°C  (1500°F)  and  1230°C  (2250°F),  and  the  in¬ 
itial  equiaxed  micro structure.  In  both  Figures  4  and  5  one 
can  see  the  recrystallized  grains  soperimposed  on  the  "ghost 

ff 

boundaries  of  the  deformed  grains.  The  larger  recrystallized 
grains  are  the  result  of  recrystallization  and  rapid  grain 
growth  occuring  during  annealing,  as  seen  in  Figures  4b  and  5c 

VI.  THE  PROCESSING  WINDOW: 

Figure  6  shows  the  effect  of  processing  and  annealing 


temperatures  on  the  micro structure  of  specimens  forged  to  a 
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30#  reduction.  Specimens  forged  at  980°  C  (1800°F)  with  an 
initial  equiaxed  micro structure  (Specimen  B)  were  found  to 
produce  a  fully  recrystallised  micro structure  at  a  lower 
anneal  temperature  of  1173°C  (2150°F)  than  specimens  forged 
at  81 5° C  (1500°F)  and  1230°C  (2250°F)  (Specimens  A  and  D, 
respectively).  Specimens  A  and  D,  both  baring  columnar 
grains  initialy,  requin  annealing  temperatures  of  1290°C 
(2350°F)  to  produce  a  fully  recrystallised,  equiaxed  micro- 

if  n 

structure.  This  shows  that  a  processing  window  exists  for 
which  a  uniform  recrystallised  micro structure  results.  This 
"processing  window"  is  connected  with  (a)  the  forging  and 
annealing  temperatures  and  (b)  the  initial  shape  of  the  ingot 
grains,  equiaxed  or  columnar. 

VII.  RECOMMENDATIONS: 

The  "processing  window"  found  in  this  study  considered 
the  forging  temperature,  forging  reduction  and  final  anneal¬ 
ing  temperatures  and  time  which  resulted  in  the  formation  of 
an  equiaxed  re crystallized  structure.  This  work  did  not  con¬ 
sider  the  possible  effect  of  initial  grain  shape,  equiaxed 
or  columnar,  on  the  magnitude  of  the  processing  window  .  In 
follow-on  research  we  suggest  that  all  of  the  starting  mate¬ 
rial  hare  the  same  initial  micro structure,  equiaxed  or  col¬ 
umnar  and  the  amount 'of  true  strain  and  annealing  temperature 
and  time  remain  the  same. 
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The  vehicle  and  crew  scheduling  and  routing  problems  are 
encountered  by  certain  divisions  of  the  United  States  Air 
Force  in  airlift  operations.  A  balance  mix  of  missions  must 

be  maintained  eg.  a  cargo  of  medical  supplies  is  useless 

» 

without  the  appr opiate  medical  personnel.  There  are 
physical  constraints  upon  aircraft  operation; 
physiological ,  upon  crews.  The  problem  differs  from  that 
encountered  by  the  airlines  in  that  a  fixed  set  of  routed 
missions  must  be  completed;  however ,  there  is  no  constraint 
upon  flying  times  (1,2). 

2.0  Objective 

The  objective  is  to  minimize  the  makespan  and  resources 
employed  in  the  airlift  operations  through  mathematical 
modeling.  We  develop  a  model  to  optimize  the  usage  of  crews 
and  vehicles  and  investigate  the  appropriate  means  to  solve 
the  model.  The  model  is  realistic  in  that  it  includes 
constraints  upon  the  usage  of  crews  and  vehicles  and  the 
stochastic  nature  of  these  restrictions.  The  methods  of 
solution  investigated  are  computationally  efficient, 
producing  a  solution  in  a  reasonable  time.  It  can  be 
formulated  as  a  multiple  goal  assignment  problem  with  side 
constraints. 


3.0  Model 

The  model  assumes  that  the  sequence  of  mission  and  legs  are 
specified.  Balancing  of  missions  has  not  been  directly 

incorporated  into  the  model;  however,  this  objective  can  be 

» 

achieved  by  decomposing  the  problem  into  problems  of  shorter 
duration  and  by  limiting  the  missions  that  can  be  undertaken 
upon  completion  of  a  specific  mission.  The  problem  is 
formulated  as  a  multiple  goal  (3,4)  chance  constrained  (5) 
generalized  assignment  model. 


4.0  Notation 


For  the  purposes  of  this  report  a  mission  shall  be  defined 
as  the  completion  of  a  route,  by  an  vehicle,  and  the  leags 
are  the  arcs  that  connect  bases  and  are  consistently 
labeled. 


Objectives 

T  »  makespan  or  total  time  to  complete  all  missions 
C  »  number  of  crews 
A  *  number  of  airplanes 


Input  to  Model 

t*.s=  probability  level  that  missions  would  have  been  on 
schedule 

Nh  *  number  of  legs  in  mission  h 
M  =  number  of  missions 
TL  =»  total  number  of  legs 
tN  =  flying  time  on  leg  k 

fh.jici  =  forced  delay  of  aircraft  1  between  end  of  mission  h 
leg  i  and  mission  j  leg  k 

Rn.jKrt  *  ground  time  of  crew  ra  between  end  of  mission  h  leg 
i  and  mission  j  leg  k 

Q  *  set  of  pairings  of  mission  h  leg  i-and  mission  j  leg  .  k 
that  are  allowed  for  aircraft 

Q'  «  set  of  pairings  of  mission  h  leg  i  and  mission  j  leg  K 
that  are  allowed  for  crews 

Output  from  Model 

x  h.-im  *  If  if  airplane  1  and  crew  m  assigned  to  mission  h 
leg  i 

0,  otherwise 

ta  n.i  =  completion  time  of  mission  h  leg  i  by  aircraft  1 
tc  h)m  =  completion  time  of  mission  h  leg  i  by  crew  m 
dc^  a  i,  if  crew  m  assigned 
0,  otherwise 

da,  =  1,  if  aircraft  1  assigned 
0,  otherwise 


5.f  integer  Linear  Program 


min  T 

Jac 

■Si  O’ 

H 

51  da , 

1*1  1 

TL  M 

St.  21  ^  X  In  .*  1  fer  a11  (h,i) 

1*1  »n*1 

(1) 

M  Mh  M 

1/TL  51  L  T.  X  ,  . .  £dc_#  rn»l  t .  . .  »TL 

h«  1  i*|  1*1  K>  I*m  m 

(2) 

H  W  H  JL 

1/TL  51  51  5_X  Ida.,  1»1,...,M 

i‘.|  »«.i  h'  i»n  l 

(3) 

ru 

^t^a  J  Kl  — ^a  w;  1  H  i  j  hilrn^  °*-S 

(4) 

(h,  i,  j,  k)eQf  lalr..*rM 

M 

pttcj  h«TtC  h  ykJgt  *;  i«  *s 

(5) 

(h,ir j,k)«Q' ,  m«l,...,TL 

tahM  £T,  for  all  (h,i,l) 

(6) 

ta  HU  “tc  hiM  +Lx  H ;  -Li® , 

(7a) 

for  all  (hfiflrm) 

tc^-taK;j+Lxh(|in-Li0, 

(7b) 

for  all  (hriflrm) 

where  taha  ,tcK.m20 
dal 

L  ■  some  large  number 
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(1)  specifies  that  all  legs  are  covered  (replace  -  with  2  if 
deadheading  allowed) 


(2)  determines  if  crew  m  has  been  used 


(3)  determines  if  aircraft  1  has  been  used 


chance  constraint 

of  aircraft  arrivals: 

likelihood 

of 

schedule  being 
representative 

correct  given  data 

from  past 

is 

(5) 

chance 

constraint 

of  crew  arrivals: 

likelihood 

of 

schedule 

being 

correct  given  data 

from  past 

is 

representative 


(6)  determines  last  arrival  time 


(7)  links  assigned  crew  and  planes  so  that  crews  and  planes 
that  have  been  assigned  to  each  other  arrive  at  the  same 
time 


Note  that  the  chance  constraints  (4)  and  (5)  are  of  the 
form: 

P{b-i£  a,j  xi;j.}2  «(Jfor  all  i  (8) 

In  the  case  where  b  are  normally  distributed  random 
variables  with  known  mean  and  variance:  E{b  },  Var{b  },  the 
non~linear  constraint  (8)  can  be  transformed  into  a  linear 
constraint.  Normalizing  (8): 

PUbj-ECb,  }]//Var{b;  }*(  £  a  .  x;j-E{b. }//  Var (b;  }2  *;  (9) 

for  all  i 


4 

* 
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standard 


normal 


where  5  represents  the  cumulative 
distribution.  Let  K*-  be  the.  standard  normal  value  such 
that  J  (K «'-)*«,  .  Then  the  statement  (8)  is  equivalent  to: 
[  £  a  x. -E{b.  }]/y  Var  (b.  j  (11) 

j  1  1 

for  all  i 


Rearranging, 

£  a  ijX^iBtbj  }+R«;  y Var  {b; } 


(12) 


for  all  i 

The  chance  constraints  (4)  and  (5)  can  now  be  written: 

t*j  ki  “tah;,  2(E{tK}+E{f  K  —  k , }+  ^  (4') 

K*$/Var  (tR}+Var  {f J^Covft^fi^jj  K|  VI  i„ 

for  all  (h,i,j,k)*Q,  1»1,...,M 
tcj^-tcIW(nl(E{tk)+E{Rh,J.^}+  ^  (5*) 

K  *s  Jv ar  {tK}+Var  {R j  KmJ+^Covtt^r Rh;j.  1  .Z  x  h ;  lni 
for  all  (h,i, j,k)«  Q* ,  m»l,...,TL 
Note  that  the  only  effect  of  introducing  the  stochastic 
nature  of  completion  times  is  to  increase  the  length  of  the 
times  used  for  scheduling.  The  constraints  (41)  and  (5') 
can  be  further  simplified  if  the  forced  ground  time  and  crew 
ground  time  are  independent  of  the  flying  time,  in  which 
case  the  covariance  terms  drop  out.  Further  simplifications 


In  the  model  are  achieved  by  weighting  one  of  the  goals 
completely  and  fixing  the  other  two  (2f6r7r8r9). 


Example : 

min 

objective  is  to  minimize  the  number  of 

X  dc^ 

ms  1 

crews 

St. 

Z  £  *«r  «11  (•><!) 

l«  1  IH.1 

dc-*“1/TL  x  “•  i-‘20 * 

(1"> 

(2-) 

10*1  fee#  #TL 

ta  jKI  -ta*.-,  +(E{tK}+E{f  *  ,  j  ki  J+ 
KtfjTvar (tR}+Var {f 

(4-) 

for  all  (hriOrk}CQf  l«lf...fA 

tc  jkm“tCH;wl+lE{tK}+E{RH;^kw,}  + 

(5-) 

K  Var  { tk  }  +Var  {R  H  fj-  J  Ex  fc .  ,mi0 

for  all  (hr if jr kJeQ* »  m“lr...rTL 

tah.i  for  all  (h,ifl) 

(6>) 

(7a-) 

for  all  (hfiflrm) 

ho  h  i  1  h 

(7b“) 

for  all  (hri,lfm) 
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The  formulation  of  the  model  is  in  the  form  of  the 
generalized  assignment  problem: 
min  5  II  c;j  x  -j 

Sfc  e  A  :  X  i^b  |  i*l  f  e  e  e  f  Btt 

j  *J  «J  1 

x*j“l  j«l,...,n 

x  «  {8,1} 

Problems  of  this  form  are  NP-complete  (10,11,12) :  the 
computational  effort  to  find  the  optimum  grows  exponentially 
with  the  problem  size.  The  problem  is  strongly  HP-complete: 
it  can  be  transformed  exponentially  into  an  NP-complete 
problem.  If  one  views  the  crews  as  traveling  salesman  and 
the  plane  flight  legs  to  be  serviced  as  cities  the  crew 
scheduling  problem  becomes  a  traveling  salesman  problem. 
However,  since  the  crews  do  not  have  to  start  and  finish  at 
the  same  base,  one  can  assign  a  zero  distance  between  base 
pairs  for  crews  for  beginning  and  ending  bases  and  then 
solve  for  each  pairing  and  use  the  best  of  these  solutions. 

In  problems  of  this  type,  heuristics  whose  computaional 
effort  grows  as  some  low  order  polynomial  of  problem  size 
have  been  used  to  explore  the  solution  space.  Hopefully, 
the  sub-optimal  solution  thus  obtained  is  within  a  few 
percent  of  the  true  optimum.  The  mixed  integer  formulation 
of  the  crew  -  vehicle  scheduling  problem  can  be  solved 


exactly  and  heuciatically  (13,14) .  The  problem  with  both  of 
these  methods  is  that  a  relaxed  version  of  the  problem  must 
be  solved  first  using  the  Simplex  method,  and  the  number  of 
computations  involved  in  this  algorithm  grows  exponentially 
with  the  number  of  constraints  (15) .  The  dual  of  the 
problem  can  be  solved  by  making  the  computations  grow  with 
the  number  of  variables;  however,  this  method  does  not 
produce  a  feasible  solution  until  it  stops,  whereas  the 
primal  is  always  feasible  and  may  be  close  to  optimal  if 
computational  time  is  restricted  (at  each  iteration  the  new 
solution  is  an  improvement  over  the  previous  solution). 


The  problem  can  be  transformed  from  the  mixed  integer 
formulation  to  an  integer  problem  by  multiplying  all  the 
constraints  by  an  appropriately  large  eonstant.  This  allow 
the  application  of  integer  programming  heuristics  (16,17,18) 
to  obtain  suboptimal  solutions;  however,  Hillier's 
heuristic  first  solves  a  relaxed  version  of  the  problem 
using  the  Simplex  method. 
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The  constraints  can  b«  partitioned  into  two  sets:  one  with 
all  zero-one  variables,  and  the  other  with  mixed  variables: 


min  Z  Z  c(jx  . 

•  J  J  J 

st.  Z.  *,-j“l»  for  all  j 


r 

j 


a  ; j  x .j  ib  • ,  for  all  i 


The  by  Lagrangean  relaxation: 

min  5~  5~  c . .  x . .  -  X  *■:(  Z  a  •  x  ..  -b. ) 
i  j  'J  'J  i  *  J  J  ‘J  > 


st.  X  x j ;  **1 ,  for  all  j 
i  'J 

The  Lagrangean  multipliers  can  be  determined  iteratively 
(19)  using  either  subgradient  methods  (20)  or  multiplier 
adjustment  methods  (21)  and  employing  a  zero-one  programming 
heuristic  to  solve  the  problem  at  each  iteration  (22,23,24) . 


Example:  objective  is  to  minimize  the  nun  be r  of  crews 


min 


st. 


r**i 


dc  - 


Z  Z  \,j,1U.j„-t.l>..,  +  IEtt>)+EUKl.jM)  + 

fV-.i***  1 

[given  (h,i,j,k)«Ql 
E«Jv«t  ttKl+Var  { f  * .  j  k ,  >  ]& 

^,j,o  x  >,.j«^ltc J«»'tc ►..V[EIt»>+E<R».j >«i+ 

[given  (h,i,j,k)  Q'l 


1A 


Z  Z  Z  *  h.M  (T— ta^  .j  )  “ 

*»»l  I  S|  1*1 

Jl  *»•  *  /  llt 

21  III  X  ..  (ta  Kl-,  -tc  h><n+Lxh,lol-L)  - 

>1  *»1  l»1  m«1 

-L) 


l«V  Wh  A  TU 

51  21  EL 21  X  j  (tc  -ta  +Lx 

h«1  .»!  l»1  ivx.l  '*• 

TL  A 

21  r  x^.,^-1,  for  all  (hri) 

r*1r  1  1*1  _ 

N.,  A 

dc^-i/TL  51  21  21  Xw  .Jm20r  Ul-1,  .  . .  ,TL 


A«1  i«1  1*1 


6.0  implementation  of  Kochenbeiger  Heuristic 

A  modification  of  Kochenberger 's  heurisitic  was  implemented 
in  ANSI  standard  FORTRAN  IV.  The  algorithm  was  modified  to 
include  variables  first  that  would  remove  infeasibilities 
and  then  those  that  would  most  rapidly  improve  the 
objective.  This  was  done  because  occasionally 


Kochenberger' s  heuristic  would  end  without  a  feasible 


V1) 


solution.  Ths  problem  must  be  formulated  as : 

max  £  T  c;.xf. 

i  T  'i  'J 

st.  £  ajj  x^ibj  f  j«l, . . .  ,m 
x  .20,  and  an  integer 
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Outline  of  Procedure 


ast  the  problem  in  the  appropriate  format 


et  all  x;'s  to  zero 


ompute  br*b- 2!  a.,  x  ,  for  all  j 
*  j  •  j  • 

ompute  a  ,j  «a  /b; ;  a;  -portion  of  slack  consumed  if 
roblem  is  feasible,  if  infeasible  and  modification  1 
alculate  for  only  the  infeasible  constraints  all  others 
et  to  zero 


ompute  r(-«  Z  a,-.  ,  for  all  i 
J 


’j-Cj/r,-;  c,»effective  gradient,  if  infeasible  and 
odification  2  then  set  c  be  the  number  of  constraints 
oved  toward  feasibility  less  the  number  moved  toward 
nfeasibility,  if  constraint  is  already  feasibile  and 
d 


>1  •’ 


The  change  in  the  algorithm  was  motivated  by  the  fact  that 
the  algorithm  failed  to  find  a  feasible  solution  to  the 
following: 


max  2x,+xa-x5 

St.  xbil 

X,-XS21 

x(  +3x^*7 

The  Kochenberger  heuristic  stops  with  x  =1  and  x  *2, 
modification  1  stops  at  x  «4,  x  *1  and  x  «1,  and 
modification  2  stops  at  x  »7  and  x  »1,  the  optimum.  The 
heuristic  has  been  implemented  in  ANSI  standard  FORTRAN  IV, 
a  lisiting  of  which  is  contained  in  the  second  appendix  and 
sample  output  is  in  the  third  appendix. 

7.0  Recommendations 

The  simplifications  of  the  general  model  yield  complex 
programs.  Some  of  the  models  developed  to  optimize  one  of 
the  goals  appear  to  be  less  complex  (2)  and  should  probably 
be  employed.  The  solutions  obtained  by  the  heuristic  might 
be  further  improved  through  the  use  of  more  intelligent 
starting  points  than  all  variables  set  to  zero  and  by  adding 
a  last  phase  of  exchanging  one  or  more  variables  at  a  time, 
similar  to  Peterson  (25)  or  Hillier's  phase  III  (16). 
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Objective  is  to  minimize  the  makeapan  of  a  three  base 
problem  with  two  routes  with  two  flights  each?  three  crews 
and  two  planes. 


Model 


Min  T 

a  c 

st.  X  X  £or  a11 

i-t  m-i 

jV|  -£a  hi  I  +£n.+£  Kij  k|  ~ 

(l>f  if  JfkJfiQ*  1*1  r . .  •  r A 

tcJ^-tcv„.m+t  +Rhtj^i« 

(h; if jfkJfiQ1 f m*l f . .  • r C 

taKi,iT 
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tc4„  -ta^„  +Lx4lll  -Li0 
tc^u  -ta4l ,  +Lx  Al%1  -L£0 
tc  „ ,  4  -ta  « , ,  +Lx  4,,}.  -Li0 
tCMM-ta^  +Lx  4iai  -Li0 
tc  4 1 j  “ta  4„  +Lx  4lai“Li0 
tc  4.,,  ~ ta  All  +Lx  4,2 ,  ~L^0 
tc  -ta  ^+,  +Lx  Mll  -Li0 
tc  M2  -ta  +Lx  ,4U  -Li0 
tc  +Lx  ^  -L£0 

tc  44,  ~ta  +Lx  44Q_|  “Li0 
tc  ,42  -ta  ,4a  +Lx  -Li0 
tc  >.fj  —ta  -,42  +Lx  v(4,“Li0 
tc-Hi  -ta^,  +Lx„„  -Li0 
tc  -Ht-ta/Ht  +Lx  “L4.0 
tc  ^  -ta  44i  +Lx  4-,  ,5  -Li0 
tc ^4 1  -ta  44a +Lx , -Li0 
ta  -Ti0 
ta  -Ti0 
ta  -T40 
ta  -Ti0 
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PROGRAM  KOCH HR 


MAIM  LIME  CALLING  ROUTINE  TO  IMPLEMENT  THE  KOCHENBERGER  HEURISTIC 
ALGORITHM  TO  SOLVE  THE  INTEGER  PROGRAMMING  PROBLEM.  THE  PROGRAM 
WILL  SOLVE  AN  INTEGER  LP  WITH  N  VARIABLES  AND  M  (IMPLICIT) 
CONSTRAINTS.  IT  WILL  ALSO  RESTICT  THE  FIRST  INB  VARIABLES  TO  BE 
BINARY. 

REF.  KOCHENBERGER,  G.A. ,  B. A.  MCCARL  AND  F.P.  WYMAN, 

*A  HEURISTIC  FOR  GENERAL  INTERGER  PROGRAMMING" 

DECISION  SCIENCES  5(1)  36-44(1974). 

CALL  READD 
CALL  CONVRT 
CALL  KOCH 
CALL  WRITO 
GOTO 10  . 

END 

SUBROUTINE  READD 
DESIGNED  TO  READ: 

CARD  1  COL  2-80  TITLE  DESCRIPTION  OF  PROBLEM  USING 

ANY  CHARACTERS 

CARD  2  COL  1-5  NO.  BINARY  VARIABLES  (MUST  BE  FIRST) 

6-10  NO.  CONSTRAINTS 
11-15  NO.  VARIABLES 
16-20' NO.  <-  CONSTRAINTS 
21-25  NO.  »>  CONSTRAINTS- 
26-30  NO.  -  CONSTRAINTS 
31-35  0,  MINIMIZATION 
1,  MAXIMIZATION 

36-40  0,  STRAIGHT  KOCHENBERGER  HEURISTIC 

1,  MODIFICATION  #1 

2,  MODIFICATION  #2 

41-45  0,  KOCHENBERGER  FEASIBILITY 
DECISION  CRITERIA 
1,  RELAXED  CRITERIA 

CARD  3-T  M  SET  OF  CARDS,  ONE  SET  FOR  EACH  CONSTRAINT 

» 

CARD  I  COL  1-10  CODE (S)  0,  O  CONSTRAINT 

1,  ->  CONSTRAINT 

2 ,  -  CONSTRAINT 

11-20  B(I)  CONSTANT  IN  CONSTRAINT 

CARD  1+1  A (I, J)  J  COEFFIECIENTS  OF  CONSTRAINT 

PUNCH  ROWWISE  IN  1018  FORMAT,  IF  MORE 
CONTINUE  ON  NEXT  CARD(S). 


CARD  T+l  C(J)  COST  COEFFIENTS  OP  OBJECTIVE  FUNCTION 

PUNCH  ROWWISE  IN  1018  FORMAT  IP  MORE  VARIABLES 
CONTINUE  ON  NEXT  CARD(S) 

TO  CALCULATE  AND  PRINT: 

Z,  SUB OPTIMAL  VALUE  OP  THE  OBJECTIVE  FUNCTION 
XB { I ) ,  SUBSCRIPT  OF  BASIC  VARIABLES  IN  SUBOPT I MAL 
SOLUTION 

A (I ,NPI) f  VALUE  OP  THE  BASIC  VARIABLES 

PARAMETER  N  -  NO.  VARIABLES 

NM  -  NLET+NGET+2*NEQ 

WHERE 

NLET  -  NO.  <»  CONSTRAINTS 
NGET  -  NO.  ->  CONSTRAINTS 
.  NEQ  -  N0.  -  CONSTRAINTS 

PARAMETER  N-20 0,NM-500 
BYTE  XT 

DIMENSION  IC(N) ,IA(NM,N) , IB (NM) , IT (NM) , TITLE (20V 
COMMON  INB, IM, IN, ILET, IGET, IEQ/TMM, IMTH, ID, IC, IA, IB 
COMMON  /CNVT/IT 

OPEN ( UNIT-1, NAME-'KOCH. IN' , TYPE*' OLD' , READONLY , FORM- 1  FORMATTED 1 ) 

READ (1,90 00 , END” 2000 ) TITLE 

READ (1,9001) INB, IM, IN, ILET, IGET, IEQ,IMM, IMTH, ID 

IF( (IGET+ILET+2*IEQ) . GT.NMJSTOP  '  *TOO  MANY  CONSTRAINTS* ' 

IF (IN.GT.N) STOP  ' *TOO  MANY  VARIABLES*' 

OPEN (UNIT-2, NAME-' KOCH. OUT' ,TYPE«' UN KNOWN' , FORM- ' FORMATTED ' ) 

WRITE (2,9000}TITLE 
WRITE (2, 6004) 

WRITE (2, 8000) INB, IM, IN 
WRITE (2, 8001) ILET, IGET, IEQ 
WRITE (2,8009) IMTH , ID 
IF (IMM. EQ. 0) WRITE (2,8002) 

IF (IMM.NE.0) WRITE (2,8003) 

DO  200  1*1 , IM 

READ (1 , 9001 ) I ID, IB (I) 

IT (I) -IID 
J-10 

IF (IN.LE. J) GOTO150  • 

DO  100  J-10, IN, 10 

READ (1,9001) (IA(I, IJ) , IJ-J-9, J) 

IF ( (J.GT. IN) .AND. ( (J-10) ,NE. IN) )READ(1, 9001) (IA(I,IJ) , IJ-J-9, IN) 

CONTINUE 

J-10 

IF (IN.LE. J) GOTO350 

DO  300  J-10, IN, 10 

READ (1,9001) (IC(IJ) , IJ-J-9, J) 

WRITE (2,9001) (IC(IJ) , IJ-J-9, J) 
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IF( ( J.LE. IN) .AND. ((J-10) .NE. IN) )G0T04f 0 
READ (lr 9001) (IC(IJ) ,IJ-J-9,IN) 

WRITE (2*9001) (IC(IJ) ,IJ-J-9,IN) 

CLOSE (UNIT-1, DISPOSE- ' SAVE' ) 

WRITE (2, 8004) 

WRITE (2,8005) 

WRITE (2,8004) 

DO  600  I»1,IM 

IF (IT (I) .EQ.0) WRITE  (2,8006) IB  (I) 

IF(IT(I) .EQ.l) WRITE  (2, 8007) IB(I) 

IF (IT (I ) .EQ. 2) WRITE (2, 8008) IB (I) 

J-10 

IF (IN.LE. J) GOTO550 

DO  500  J-10, IN, 10 

WRITE (2,9001)  (IA(I,IJ) ,IJ»J-9,J) 

IF ( (J.GT. IN) .AND. ((J-10) .NE. IN) ) WRITE (2 , 9001) (IA(I,IJ) ,IJ«J-9,IN) 
WRITE (2/8004) 

CONTINUE 
WRITE (2,8004) 

RETURN 

STOP  ' *NORMAL  TERMINATION  OF  KOCH*' 

FORMAT (IX, 'NO.  BINARY  VARIABLES  -  ',I8,1X,'N0.  OF  CONSTRAINTS  -  ' 
1,18, IX, 'NO.  OP  VARIABLES  -  ',18) 

FORMAT (IX, 'NO.  <-  CONSTRAINTS  -  ',I8,1X,'N0.  ->  CONSTRAINTS  »  ' 
1,18, IX, 'NO.  OP  -  CONSTRAINTS  «  ',18) 

FORMAT (IX, 'MINIMIZE') 

FORMAT (IX, 'MAXIMIZE' ) 

FORMAT (IX) 

FORMAT (IX, 'ST. ') 

FORMAT (IX, 18,' «>’) 

FORMAT  (IX,  18,  '<«*') 

FORMAT (IX, 18, '*' ) 

FORMAT (IX, 'MODIFICATION  -  ' ,18, IX, 'DECISION  CRITERIA  =  ',18) 
FORMAT (20A4) 

FORMAT (1018) 

END 

SUBROUTINE  CONVRT 

PUTS  OBJECTIVE  AND  CONSTRAINTS  IN  APPROPRIATE  FORM  FOR  THE 
KOCHENBERGER  HEURISTIC 

MAX  Z-CX 
ST.  AX<»B 

PARAMETER  N-200,NM»500 
BYTE  IT 

DIMENSION  IC(N) ,IA(NM,N) ,IB(NM) ,IT(NM) 

COMMON  INB ,  IM , IN , ILET , IGET, IEQ , IMM, IMTH , ID , IC , IA , IB 

COMMON  /CNVT/IT 

NXEQ-IM 
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DO  500  I-1,IM 

IF (IT (I) -1) 500,100,200 

->  CONSTRAINT  CHANGE  TO  <-  BY  CHANGING  SIGN 
IS- 1 

IGET-IGET-1 

GOTO300 

-  CONSTRAINT  ADD  ANOTHER  <-  WITH  CHANGED  SIGN 
NXEQ-NXEQ+1 

ieq-ieq-i 

IS-NXEQ 

IB  ( IS )  --  IB  ( I ) 

DO  400  J«1,IN 
IA(IS,  J)  — IA  (I,  J) 

CONTINOE 

IF ( (IEQ.NE.0) .OR. (IGET.NE.0) )STOP  '*INPUT  ERROR  ON  CONSTRAINTS* * 
IM-NXEQ 

IF ( I MM . GT . 0 ) RETURN 

MINIMIZATION  PROBLEM  CHANGE  SIGN  TO  MARE  MAXIMIZATION  PROBLEM 

DO  600  J-1,IN 
IC(J)—  IC(J) 

RETURN 

END 

SUBROUTINE  KOCH 

IMPLEMENTS  MODIFIED  KOCHENBERGER  DECISION  CRITERIA  TO  DETERMINE  WHICH 
VARIABLE  TO  INCREMENT:  WILL  FIRST  ATTEMPT  TO  MAKE  PROBLEM  FEASIBLE  AND 
THEN  APPLY  KOCHENBERGER' S  CRITERIA* 

PARAMETER  N=200,NM«500 
REAL* 4  CBAR 

LOGICAL*l  LPFEAS , LFEAS , LFEAS 1 ,  LM 

DIMENSION  IC(N) ,IA(NM,N) ,IB(NM) ,IX(N) ,IORD(N) , IBBAR (NM) , 
lABAR (NM,N) ,R(N) ,  CBAR (N) 

COMMON  INB, IM, IN, ILET, IGET, IEQ,IMM, IMTH, ID, IC, IA, IB, IX 
COMMON  /UPDAT/IBBAR , ABAR , R , CBAR , ICC, LPFEAS 
COMMON  /SORT/IORD 
LPFEAS -.TRUE. 

DO  100  1-1 , IM 
IBBAR (I) -IB (I) 

LPFEAS-LPFEAS .AND. (IBBAR (I) .GE.0) 

CALL  IN IT 
DO  300  1-1 , IN 
IORD(I) -I 
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FIND  DECREASING  ORDER  OF  CBAR 


CALL  KSORT  (CBAR  » IN  #  IORD) 

JC-0 

JC-JC+1 

QUIT  WHEN  CAN'T  INCREMENT  A  VARIABLE 

IF ( JC. GT. IN) RETURN 
ICC- IORD (JC) 

IF  BINARY  VARIABLE  ALREADY  SET  TRY  ANOTHER 
IF( (IX(ICC) .NE.0) .AND. (ICC.LE.INB) )GOTO400 
IS  THE  PROBLEM  NOW  FEASIBLE 

f 

I F ( LPFEAS ) G0T07  0  0 

WILL  THE  OBJECTIVE  FUNCTION  INCREASE 
IF (IC(ICC) . LE. 0) GOTO400 

WILL  THE  ADDITION  OF  THIS  VARIABLE  CAUSE  INFEASIBILITY 
DO  600  1*1 , IM 

IF (IBBAR (I) . LT. IA  (I , ICC) )GOTO400 

INCREMENT  VARIABLE 

GOTO1000 
LM-IMTH.EQ. 2 

IF (LM. AND. (CBAR (ICC) .LT. 0) )RETURN 
IF ( ID. EQ. 1 ) GOTO910 
LFEAS-. FALSE. 

DO  900  1*1, IM 

IS  THE  CONSTRAINT  FEASIBLE 

IF (IBBAR (I) .LT. 0 ) GOTO800 

DOES  THE  PROBLEM  REMAIN  FEASIBLE  FOR  THIS  CONSTRAINT 

IF (IBBAR (I) .LT. IA (I , ICC) )GOTO400 
GOTO900 

DOES  THE  VARIABLE  MAKE  AN  IMPROVEMENT  IN  FEASIBILITY 

LFEAS-LFEAS.OR. (IA(I,ICC) .LT.0) 

CONTINUE 


IF (LFEAS ) GOTO1000 

IF (IC (ICC) . LE . 0 ) G0T04 0  0 

GOTO1000 

IF (LM)GOTO1000 

INFES-0 

DO  940  IJ-1,IM 
IS  CONSTRAINT  FEASIBLE 
IF(IBBAR(IJ) .GE. 0) GOTO930 

COUNT  OP  NUMBER  OF  CONSTRAINTS  THE  VARIABLE 
MAKES  FEASIBLE 

IF(IA(IJ,I) .GT. 0) G0TO915 

IF(IA(IJ, I) . EQ.0JGOTO920 

ICBAR- IGBAR+1 

GOTO940 

ICBAR- ICBAR-1 

GOTO940 

DOES  VARIABLE  MAKE  CONSTRAINT  INFEASIBLE 

IF(IBBAR(IJ) .GE.IA(IJ,I) JGOTO940 

IS  THERE  ANY  VARIABLE  THAT  COOLD  MAKE  THIS 
CONSTRAINT  FEASIBLE 

LFEAS -.FALSE. 

DO  935  J»1,IN 

LFEAS -LFEAS. OR. (IA(IJ, J) .LT.0) 

IF (LFEAS )GOTO940 
CONTINUE 
GOTO400 
CONTINUE 

IX (ICC) -IX (ICC) +1 
CALL  UPDATE 
GOTO  200 
END 

SUBROUTINE  UPDATE 

UPDATE  IBBAR,ABAR,R,CBAR,  IF  INFEASIBLE 
AND  METHOD 2  RETURNS  NUMBER  OF  CONSTRAINTS 
VARIABLE  MAKES  FEASIBLE  IN  CBAR(I) 

PARAMETER  N-200,NM«500 
REAL *4  CBAR 

LOGICAL*l  LZ ERO , LPFEAS , LFEAS 

DIMENSION  IC(N) ,IA(NM,N) ,IB(NM) , IBBAR (NM) ,ABAR(NM,N) ,R(N) 
1CBAR(N) 


COMMON  INB, IM, IN, ILET, IGETf IEQ, IMM, IMTH , ID, IC, IA, IB 
COMMON  /UPDAT/IBBAR, ABAR, R,CBAR, ICC, LPFEAS 
LPFEAS- .TRUE. 

DO  1 00  I-1,IM 

IBBAR (I) -IBBAR (I) -IA (I, ICC) 

LPFEAS -LPFEAS. AND. (IBBAR (I) .GE.0) 

ENTRY  IN IT 

LPFEAS- .NOT . LPFEAS 

IF( (IMTH.EQ.2) .AND. LPFEAS ) G0T04 00 

DO  200  1*1, IN 

R(I)*0.0 

DO  200  IJ*1,IM 

ABAR (IJ, I) *-SIGN (1 . 0E10 ,FLOAT (IA(IJ , I) ) ) 

LZ  ERO* IBBAR ( I J ) .EQ.0 

IF ( . NOT . LZ  ERO ) ABAR ( I J , I ) -FLOAT ( I A ( I J , I ) ) /FLOAT ( IBBAR (IJ) ) 
IF (LZ ERO. AND. (IA(IJ,I) .EQ.0) )ABAR (IJ, I) *1 .0 
IF ( (IMTH.NE. 1) .OR. ( .NOT. LPFEAS) )GOTO150 
IF (IBBAR (IJ) .GE.0JGOTO200 
R(I)— R(I) +ABAR ( I J , I ) 

CONTINUE 
DO  300  1*1, IN 

CBAR  (I)  *SIGN  (1 . 0E10 , FLOAT  (IC  (I) ) ) 

LZ  ERO-ABS ( R ( I ) ) .LE.1.0E-20 

IF ( .NOT. LZERO) CBAR (I) -FLOAT (IC (I) ) /R(I) 

IF (LZERO.AND. (IC (I) .EQ.0) )CBAR(I)=1.0 
RETURN 

DO  700  1*1 , IN 
ICBAR-0 

DO  600  IJ*1 , IM 
IS  CONSTRAINT  FEASIBLE 
IF (IBBAR (IJ) .GE. 0 ) GOTO550 

COUNT  UP  NUMBER  OF  CONSTRAINTS  THE  VARIABLE 
MAKES  FEASIBLE 

IF(IA(IJ, I) .GT. 0) GOTO500 

IF (IA (IJ , I) .EQ. 0) GOTO600 

ICBAR-ICBAR+1 

GOTO600 

ICBAR* ICBAR-1 

GOTO600 

DOES  VARIABLE  MAKE  CONSTRAINT  INFEASIBLE 

IF (IBBAR (IJ) ,GE. IA {IJ, I) ) GOTO600 

IS  THERE  ANY  VARIABLE  THAT  COULD  MAKE  THIS 
CONSTRAINT  FEASIBLE 
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LFEAS-. FALSE. 

DO  575  J«1,IN 

LFEAS-LFEAS .OR. (IA(IJ, J) .LT.0) 

IF (LFEAS ) GOTO600 
CONTINUE 
ICBAR— 1 
GOTO700 
CONTINUE 

CBAR ( I ) -FLOAT ( ICBAR ) 

RETURN 

END 

SUBROUTINE  WRITO 

OUTPUTS  VARIABLES  IN  BASIS  AND  VALUES 
AND  SUBOPTIMAL  VALUE  OF  Z  THE  OBJECTIVE. 

PARAMETER  N-200,NM=500 

DIMENSION  IC(N) ,IA(NM,N) ,IB(NM) ,IX(N) , IBBAR (NM) 

COMMON  INB, IM, IN, ILET, IGET, IEQ, IMM, IMTH , ID, IC, IA,IB, IX 
COMMON  /UPDAT/IBBAR 
WRITE (2,8001) 

DO  100  1*1 ,  IM 

IF (IBBAR (I) .GE.0)GOTO100 

WRITE (2 ,8004) 

STOP  ' *NO  FEASIBLE  SOLUTION  FOUND*' 

CONTINUE 
WRITE (2,8000) 

WRITE (2,8001) 

DO  200  1*1, IN 

IF (IX (I) .LE. 0) GOTO200 

IOPT*IOPT+IC (I) *IX (I) 

WRITE(2, 8002)1, IX(I) 

CONTINUE 

IF (IMM. EQ. 0) IOPT*-IOPT 
WRITE (2,8001) 

WRITE (2,8003) IOPT 

CLOSE (UNIT-2 , DISPOSE- ' SAVE' ) 

RETURN 

FORMAT (IX, 'BASIC  VARIABLES ' ,6X, ' VALUE ' ) 

FORMAT (IX) 

FORMAT (7X,I8,7X,I8) 

FORMAT (IX, 'SUBOPTIMAL  VALUE,  Z  *  ',110) 

FORMAT (IX, '*NO  FEASIBLE  SOLUTION  FOUND*') 

END 

SUBROUTINE  KSORT 

REAL*4  VERSION 

TOURNAMENT  SORT  FOR  DESCENDING  ORDER 
CBAR  PRIMARY  ARRAY  TO  BE  SEQUENCED 
C  SECONDARY  ARRAY  TO  BE  SEQUENCED 


IM  NUMBER  OF  MEMBERS  IN  A 

IORD  INDEX  TO  BE  REARRANGED  ACCORDING  TO  THE  ORDER  OF 
PARAMETER  N*200,NM*500 
REAL *4  CBAR 

DIMENSION  IBBAR(NM) ,IORD(N) ,ABAR (NM,N) ,  CBAR  (N) ,R(N) 

1,IA(NM,N) , IB (NM) ,IC(N) 

COMMON  INB , IM , IN , ILET , IGET , IEQ , IMM , IMTH , ID , IC , IA , IB 

COMMON  /UPDAT/IBBAR , ABAR ,  R, CBAR 

COMMON  /SORT/IORD 

IF(IN.GT.8)G0T05 

NN*3 

GOTO 20 

NN-1 

DO  10  1*1,1000 

NN-2*NN+1 

IF (NN.GE. IN) G0T015 

CONTINOB 

NN=NN/2 

NN=NN/2 

IF (NN.EQ.0) RETURN 

KR=IN-NN 

K-l 

I*R 

J*I+NN 
IX* IORD (I) 

IY*IORD ( J) 

TEMP*CBAR (IX) -CBAR (IY) 

IF (TEMP.GT.1E-20)GOTO50 
IF ( (ABS (TEMP) , LE. IE-20 ) .AND. 

1(IC(IX) .GE. IC (IY) ) ) GOTO50 
IORD (I) =IY 
IORD  (J) -IX 
1= I-NN 

IF(I.GE.l) G0T03  0 
R=R+1 

IF (R.LE.RR)G0T025 

GOTO20 

END 
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ABSTRACT 

The  problem  of  assigning  eigenvalues  with  minimum 
sensitivity  to  system  parameter  changes  is  well  represented 
in  the  literature,  and  traces  it's  roots  back  to  Jacobi. 
Designing  a  system  with  modes  which  are  insensitive  is  a 
more  recent  development  reported  in  the  literature.  When 
modal  insensitivity  is  enforced  on  some  of  a  system's 
eigenvalues  it  has  been  reported  that  the  remaining 
eigenvalues  become  more  sensitive  to  parameter  changes.  In 
this  report  the  techniques  of  minimum  eigenvalue  sensitivity 
and  modal  insensitivity  are  combined  to  provide  system 
designs  which  will  not  have  increased  sensitivity  of  the 
eigenvalues  which  were  not  made  insensitive.  The  computer 
program  MACSYMA,  developed  at  MIT,  is  used  extensively  in 
calculating  the  example. 
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I.  INTRODUCTION: 


'T 


Robust  control  system  theory  is  under  study  by  the  Air  Force  for 
use  in  the  control  of  aircraft  and  large  space  structures.  Design 
techniques  that  incorporate  robustness  are  desirable  since  they 
allow  the  designer  to  compensate  for  inaccuracies  in  the  design  due 
to  modelling  errors  and  mechanical  failures. 


The  topic  of  this  report  is  robust  eigenvalue  placement.  The 
techniques  presented  in  this  report  can  be  considered  robust  for  two 
reasons.  First,  the  sensitivity  to  system  parameter  changes  of  some 
of  the  assigned  closed-loop  eigenvalues  is  minimized.  Second, 
certain  selected  closed-loop  eigenvalues  may  be  made  completely 
insensitive  to  parameter  changes. 

In  this  report  we  will  consider  systems  of  the  form 

X(t)  *  At*>  X(t)  4-  B<*>  Ut*)  (1) 
where  the  state  x  is  an  n-vector  and  the  control  u  is  an  m-vector. 
We  will  further  assume  that  the  entries  of  the  A  and  B  matrices  may 
vary  as  a  function  of  some  parameter  04  in  such  a  way  that  the 
system  may  still  be  considered  time  invariant. 


It  is  well  known  in  multivariable  systems  theory  that  the  state 
feedback  matrix  K  which  places  eigenvalues  is  not  unique.  The 
minimization  of  eigenvalue  sensitivities  in  control  system  synthesis 
was  first  used  by  Morgan  [1]  to  exploit  the  nonuniqueness  of  the  K 
matrix  by  selecting  from  all  possible  K's  the  one  which  would 
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J. 


W. 


minimize  tome  sensitivity  functional.  Further  work  in  this  area  has 
been  done  by  Porter  [21,  Crossley  and  Porter  [3],  Reddy  [4],  Ramar 
and  Gourishankar  [5],  and  Gourishanker  and  Ramar  [6]. 


As  in  [6]  we  define  the  sensitivity  of  any  eigenvalue  s*4  of  the 
closed-loop  system  with  respect  to  small  variations  in  the  element 
Sw  of  the  closed- loop  system  matrix  A  to  be 


(X) 


where  g'(s;)  is  the  derivative  of  the  closed-loop  characteristic 
polynomial  with  respect  to  s  evaluated  at  s*  ,  R(s^)  is  the  adjoint 
of  (s^I-A),  and  tr  denotes  the  trace  of  the  matrix.  The  sensitivity 
funtional  to  be  minimized  is  of  the  form 


T-iiris 

l«|  J«t  k-l 


(») 


This  form  of  the  functional  represents  the  most  general  case  where 
the  sensitivity  of  all  the  eigenvalues  is  being  minimized  with 
respect  to  changes  in  all  of  the  entries  of  A.  In  practice  this 
usually  will  not  be  the  case  and  the  summation  limits  in  (3)  can  be 
adjusted  according  to  the  requirements  of  a  particular  problem. 

More  recent  work  in  the  field  has  been  concerned  with  control 
systems  which  provide  eigenvalue  and  eigenvector  insensitivity,  this 
is  called  modal  insensitivity.  Howze  and  Cavin  [7]  defined  and 
solved  the  modal  insensitivity  problem  first.  Sambandan  and 
Chandrasekharan  [8]  and  Calise  and  Raman  [9]  are  others  who  have 


which  will: 


a)  make  p  <  n  of  the  desired  eigenvalues  insensitive 

and 

b)  minimize  the  sensitivity  of  any  or  all  of  the  remaining  (n-p) 
eigenvalues. 

The  number  of  eigenvalues  p  which  can  be  made  insensitive  must  be 
calculated  in  the  design  procedure,  while  the  number  of  remaining 
eigenvalue  sensitivities  which  are  to  be  minimized  is  the  designer's 
choice.  The  following  sections  will  provide  the  theory  for  the 
problem' 8  set  up  and  solution.  The  results  will  also  be 
demonstrated  with  an  illustrative  example. 


III.  MODAL  INSENSITIVITY  THEORY: 


For  modal  insensitivity  we  must  not  only  assign  an  eigenvalue  s^.  , 
but  also  it's  eigenvector  vj  .  This  requires  v;  to  be  in  the  set  of 
achievable  eigenvectors  which  was  characterized  by  Moore  [10].  From 
[9]  we  get  the  condition  which  must  be  satisified  for  modal 
insensitivity  and  eigenvector  assignability 


M-AJ  -B. 
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=  D; 
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where  Aq  and  B0  are  the  nominal  values  of  the  matrices, 


to  minimize  their  sensitivity. 


Define  a  matrix  IT,  a  row  vector  k,  a  matrix  B,  and  a  column 


A 

vector  b 


w 


i<= 


•tv-. 


,  W=  k; 


(8) 


B«[b,  bx  ...  bu  bu,  ...  bm  ],  and  b*b^  . 


Next,  let 

£=  K  x  ,  u=  k  x 

and  form  the  equation 

Xr  Ax  ♦  Bu  +  bu  . 

Substituting  into  equation  (10)  using  equation  (9)  we  have 

X=(A+Bk)  X  4-bu  s  A(i<)x+b£ 

which  is  a  single  input  system. 


UO) 


00 


When  the  system  is  redefined  in  equation  (8)  the  resulting  equation 
(11)  must  be  controllable.  Substituting  for  u  using  equation  (9)  we 
get 

Uik)*£^x  =  Ax  oi) 

* 

which  is  the  closed- loop  system  equation.  We  now  need  k  as  a 
function  of  ?.  This  can  be  done  by  any  of  several  different  methods 
of  eigenvalue  assignment,  It  is  suggested  that  the  technique 


presented  by  Gopinath  ill]  be  used  because  it  leads  to  the  solving 
of  just  n  linear  equations  for  (c  as  a  function  of  K  rather  than 
solving  nonlinear  equations  which  is  the  case  in  other  techniques. 

A  M  v 

Once  we  have  k  as  a  function  K  then  we  have  A  as  a  function  of  K, 
and  therefore  the  sensitivity  function  Sji,  given  in  equation  (2)  is 
also  a  function  of  R. 

The  elements  of  K  are  then  chosen  in  such  a  way  as  to  minimize 
the  functional  J  in  equation  (3).  The  feedback  matrix  K  that 
results  from  the  procedure  places  the  eigenvalues  as  desired  while 
minimizing  some  or  all  of  their  sensitivities  to  parameter  changes 
in  the  A  matrix. 

V.  MATHEMATICAL  PROBLEM  FORMULATION  AND  SOLUTION: 

From  the  problem  of  making  eigenvalues  insensitive  we  get  a  set 
of  equality  constraints  on  the  entries  of  K.  The  problem  of 
minimizing  the  sensitivities  of  eigenvalues  provides  us  with  a 
funtional  J  which  is  to  be  minimized. 

Combining  these  individual  problems  we  arrive  at  a  problem 
statement  in  the  form  of  a  nonlinear  programming  problem: 

MINIMIZE  J  SUBJECT  TO  THE  EQUALITY  CONSTRAINTS  KV*W 

which  when  solved  will  yield  the  matrix  K  which  is  the  solution  to 
our  problem  as  stated  in  section  II.  The  control  law  will  place  the 
closed-loop  eigenvalues  as  desired  while  making  p  of  them 
insensitive  and  minimizing  the  sensitivity  of  some  or  all  of  the 
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matrix.  We  would  like  to  place  the  closed  loop  eigenvalues  at  -1 , 
-2,  -3,  and  -4  using  state  feedback.  Also,  we  want  to  make  -1 
insensitive  to  parameter  changes,  and  minimize  the  sensitivity  of 

-2. 


When  we  form  the  constraints  KV*W  we  get 

kx-k,  + 1  =  o 

k^-k^O 

where 


To  minimize  -2's  sensitivity  we  choose  the  first  row  of  K  as  k 
and  form  the  single  input  system  of  equation  (11) 


o  I  o  o " 
X-  o  o  -I  0 

~k5  “k,  I— k, 

O  O  II  O 


Using  Gopinath's  eigenvalue  placement  techniques  to  assign  -1,  -2, 
-3,  and  -4  we  can  get  k  as  a  function  of  K.  Next,  we  find  the 


sensitivity  of  -2  to  changes  in  element  (4,  3)  of  A  as  in  equation 
(2).  These  steps  require  the  use  of  MACSYMA  in  order  to  handle  the 
magnitude  of  the  matrix  algebra  required.  The  sensitivity  is 
too  large  a  function  to  be  included  here. 


Finally,  we  form  J  as  in  equation  (3) 

j=ts„T  («> 

which  is  a  function  of  K.  In  order  to  carry  out  the  minimization  we 
also  need  to  reformulate  the  equality  constraints  (14)  as  functions 
of  K.  The  minimization  is  carried  out  for  the  Karush-Kuhn-Tucker 
necessary  conditions  using  MACSYMA.  The  results  are: 


kj=  k4=  arWiVra.r«j  , 
L  _  ^ 

TT  » 


1  and  k_  *  0  were  chosen  and  the  rest  of  the  K  matrix 


calculated 


Pmois-ss-i 

K'Li  i  o 


The  resulting  closed-loop  system  which  has  -1,  -2,  -3,  and  -4  as 
it's  eigenvalues  is 


X  « 


0*7 


O  I  O 

-\o  m 


-I  “l  O 
O  O  o 


The  value  of  -2's  sensitivity  in  this  case  is  zero.  To  check  this 
design  was  allowed  to  vary  and  the  change  in  the  eigenvalues  was 


observed.  Table  One  summarizes  the  results. 


To  contrast  this  a  design  was  done  to  only  make  -1  insensitive 
without  any  sensitivity  minimization.  The  design  was  done  using  an 
entire  eigenstructure  assignment  method.  The  resulting  K  was 

1/  M  -s  o-V,] 

ls~[0  o  s  %  J  » 

and  the  closed  loop  system  becomes 


I 

-5 

o 

O 


o  o 

-»  ’It 

-s 

U**  o 


Table  Two  shows  the  variations  in  the  eigenvalues  due  to  changes  in 


FmrCcn'V  Cknjc  ’ms  j 

n 

a 

-3 

m 

♦10 

° 

31.1 

X5.1 

a 

♦ao 

a 

Mi 

m 

oral 

a 

11.1 

1*4.1 

a 

BT1 

a 

35.X 

xi.s 

a 

Tables  One  and  Two  show  that  an  improvement  can  be  made  upon  the 
sensitivity  of  -2  and  that  in  this  case  it's  sensitivity  becomes 
zero. 
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VII.  RECOMMENDATIONS: 


The  procedure  outlined  in  this  report  depends  upon  the 
formulation  of  a  sensitivity  function.  This  function  is  in  general 
very  complicated  and  unwieldy  to  handle.  For  large  order  systems 
the  sensitivity  function  becomes  so  large  as  to  be  totally 
impracticle.  Large  in  this  case  means  about  fourth  order.  This 
problem  has  been  commented  upon  by  many  of  the  papers  which  discuss 
eigenvalue  sensitivity.  In  light  of  this  a  more  compact  sensitivity 
function  is  highly  desirable. 

This  report  only  covers  the  problem  of  state  feedback.  The  ideas 
herein  should  be  applicable  to  output  feedback  and  observers.  These 
could  lead  toward  actual  application  of  this  theory. 
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ABSTRACT 

The  integration  o£  flight  control  and  engine  control  subsystems 
for  an  advanced  tactical  fighter  is  an  important  topic  under  investi¬ 
gation.  The  use  of  Digital  Linear  Quadratic  Regulator  Theory  to  con¬ 
trol  a  linear  system  model  (STOL  approach)  of  the  advanced  aircraft/ 
engine  model  is  investigated.  Digital  LQR  design  produced  a  system 
which  is  stable,  but  not  completely  satisfactory  due  to  long  settling 
times  and  large  state  deviations.  Recommendations  to  improve  simu¬ 
lation  techniques  and  aircraft/engine  performance  are  discussed. 


I.  INTRODUCTION 

One  of  the  current  topics  under  investigation  by  the  Air  Force 
is  the  integration  of  flight  control  and  engine  control  subsystems 
of  an  advanced  tactical  fighter  aircraft.  Previous  aircraft  have 
depended  upon  the  pilot  to  perform  this  integration,  but  increasing 
engine  and  aircraft  complexity  will  not  allow  the  pilot  to  coordinate 
engine/aircraft  control  without  diverting  attention  from  fulfilling 
mission  requirements.  Integrated  Flight  and  Propulsion  Control 
(IFPC)  is  a  program  designed  to  improve  the  performance  of  the  engine/ 
aircraft  (by  using  automatic  systems  to  control  the  combined  engine/ 
aircraft)  while  reducing  pilot  workload. 

The  aircraft  to  which  IFPC  is  being  applied  is  based  upon  the 
F/A-18A  design.  Improvements  to  the  aircraft  design  include  a  varia¬ 
ble  cycle  engine  (VCE),  thrust  vectoring/thrust  reversing  (TV/TR) 
nozzle,  variable  geometry  inlet  and  canards,  all  of  which  contribute 
to  improving  the  engine/aircraft  performance  while  extending  the 
flight  envelope.* 

The  first  step  in  developing  a  control  scheme  for  any  system 

is  to  develop  a  mathematical  model  of  the  system  to  be  controlled. 

In  most  cases  a  system  as  complex  as  the  aircraft/engine  in  question 

can  only  be  modeled  as  non-linear,  and  the  control  of  non-linear 

systems  can  present  the  control  engineer  with  control  implementation 

problems  (not  from  an  analytical  standpoint,  but  from  practical 

2 

limitations  of  typical  computer  hardware).  To  alleviate  this  pro¬ 
blem,  the  non-linear  system  is  modeled  as  a  group  of  linear  models, 
each  model  being  developed  for  a  selected  point  within  the  flight 
envelope.  The  control  scheme  for  this  system  of  models  is  devised 
to  provide  control  near  each  operating  point,  and  to  provide  transi¬ 
tional  control  between  operating  points,  providing  full  control  through 

2 

out  the  entire  flight  envelope.  The  method  used  to  design  a  control 
law  for  each  operating  point  is  known  as  Digital  Linear  Quadratic 
Regulator  Theory  (transitional  control  is  provided  by  a  combination 
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of  integral  control  and  interpolation  of  feedback  gains  for  regions 
between  operating  points  -  developing  transitional  control  was  not 
a  part  of  this  project). 

Digital  LQR  theory  is  a  method  of  modern  control  in  which  a  con- 
tinous  system  described  by  a  space  state  representation  of  the  form 

*(t)  -  Fx(t)  +  Gu(t)  (1) 

and 

y(t)  -  Hx(t)  +  Du(t)  (2) 

is  controlled  using  a  digital  computer  implementing  full  state  feed¬ 
back  of  the  form 

u(kT)  -  -Px(kT)  (3) 

where:  u(t)  -  u(kT)  kT  <  t  <  (k+l)T 

To  implement  this  full  state  feedback  design,  equations  (1)  and 
(2)  must  be  discretized  to  form  the  equations 


where 


Using  this  discretized  form  of  the  system  equations,  digital  LQR 
theory  seeks  to  minimize  the  performance  index 

J  -  [x(kT)TQx(kT)  +  u(kT)TRu(kT)]  (8) 

W) 

The  state  feedback  matrix,  P,  is  obtained  by  a  recursive  solution 

3 

of  the  following  equations. 
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II.  OBJECTIVES 

The  main  objective  of  this  project  was  to  develop  a  suitable  con¬ 
trol  law  for  the  linearized  aircraft/engine  model  (described  in  the 
next  section)  using  Digital  LQR  theory  as  presented  in  the  Introduc¬ 
tion.  Additionally,  an  examination  of  the  closed  loop  system  (closed 
loop  poles  and  simulated  closed  loop  time  response)  when  subjected 
to  state  perturbations  was  to  be  undertaken  to  determine  the  robust¬ 
ness  of  the  control  law.  Finally,  the  effects  of  changing  the  sampling 
time  were  to  be  examined. 

III.  MODEL  DESCRIPTION  AND  SIMPLIFICATIONS 
The  aircraft/engine  model  used  in  this  project  is  a  linear  model 

describing  system  operation  for  a  Short  Takeoff  and  Landing  (STOL) 
situation.  The  model  provided  by  Northrop  was  simplified  somewhat 
to  facilitate  the  Digital  LQR  design  procedure.  Simplifications 
were  as  follows: 

(1)  Reduce  the  aircraft  state  matrix  to  five  states  (u,w, 
q,  8,  h).  This  simplification  corresponds  to  the 
longitudinal  component  of  aircraft  motion. 

(2)  Eliminate  rudder  and  assuming  all  actuators  to  move 
symmetrically  (left  and  right). 

(3)  Eliminate  inlet  actuator  /sensors  and  assume  perfect 
pressure  recovery. 

(4)  Reduce  the  number  of  aircraft/engine  outputs 

(5)  Simplify  the  engine/nozzle  actuators  to  first  order 
systems  (one  state  per  actuator). 

(6)  Eliminate  TTLA  (propulsive  lift)  as  a  control. 

With  these  simplifications,  the  final  model  was  a  system  having 

32  states,  60  outputs,  and  14  inputs.  The  final  form  of  the  simpli¬ 
fied  model  was: 


i(t)  -  Fx(t)  +  GYy(t)  +Gu(t)  (13) 

and 

y(t)  -  Hx(t)  +DYy(t)  +  Du(t)  (14) 
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As  can  be  seen,  equations  (13)  and  (14)  are  not  in  standard  state  space 
form  (see  equations  (1)  and  (2)). 


IV.  COMPUTER  PROGRAMS 

To  implement  the  Digital  LQR  design  methods  computer  programs 
were  written  to  change  the  system  equations  (equations  (13)  and  (14)) 
to  standard  form  (the  form  of  equations  (1)  and  (2)),  compute  the  state 
feedback  matrix  P,  compute  the  open  and  closed  loop  eigenvalues,  and 
simulate  the  time  response  of  the  closed  loop  system. 

The  first  set  of  programs  written  utilized  subroutines  from  the 
IMSL  library^  ,  and  changed  equations  (13)  and  (14)  to  the  form: 

x(t)  =  FSx(t)  +  Gu(t)  (15) 

and 

y(t)  =  HSx(t)  +  Du(t)  (16) 

where 

FS  =  (  F  +  GY  f  I-DY  ]-1H  )  (17) 

and 

HS  =  [  I-DY  )-1H  (18) 

The  second  program  utilized  subroutines  from  the  LQGLIB  library. ^ 
This  program  discretized  equations  (15)  and  (16)  (to  the  form  of  equa¬ 
tions  (4)  and  (5)),  and  designed  the  feedback  matrix,  P,  given  a  se¬ 
lected  sampling  time  and  the  selected  values  for  the  coefficients  of 
the  R  and  Q  matrices.  This  program  also  returned  the  closed  loop  sys¬ 
tem  matrix,  ACL,  where: 


ACL  *  [  jj  -  0P  ]  (19) 

The  third  program  utilized  subroutines  from  the  LQGLIB  library^, 
and  simulated  the  closed  loop  system  time  response  given  a  sampling 
time,  the  discretized  system  equations,  and  the  following  equation: 


x[(k+l)T]  =  ACLx(kT)  (20) 
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The  fourth  program  utilized  subroutines  from  the  LQGLIB  library  , 
and  computed  the  open  and  closed  loop  eigenvalues  of  the  system  (from 
the  FS  and  ACL  matrices  respectively). 

V.  ITERATIVE  PROCEDURE 

As  stated  in  the  Introduction,  Digital  LQR  design  is  an  iterative 
process,  in  which  the  state  and  control  weightings  are  varied  until 
satisfactory  system  response  is  obtained.  The  computer  programs  de¬ 
scribed  in  the  previous  section  were  used  to  implement  this  proce¬ 
dure.  To  begin  the  procedure,  the  system  was  put  into  standard  form 
and  Bryson's  Rule  was  used  to  select  the  initial  weighting  matrices. 

The  initial  weightings  were  based  upon  knowledge  of  the  aircraft  con¬ 
trols  and  states  (for  example,  the  horizontal  rudder  position  was  sel¬ 
ected  to  have  a  maximum  deviation  of  30  degrees  from  equilibrium). 

After  the  state  and  control  weighting  matrices  were  obtained,  a  sam¬ 
pling  time  was  selected  (for  most  iterations  the  sampling  time  was 
17  milli-seconds)  and  the  state  feedback  matrix  computed.  Next  the 
aircraft  states  were  given  an  initial  perturbation,  and  the  closed  loop 
response  for  the  given  P  matrix  was  calculated.  Finally,  the  closed 
loop  poles  of  the  system  were  examined. 

The  initial  time  simulation  yielded  a  response  in  which  most  of 
the  states  returned  to  steady  state  within  5  seconds  while  deviating 
only  slightly  from  equilibrium.  The  exception  was  the  altitude  of 
the  aircraft,  which  varied  by  100  feet  from  its  equilibrium  glidepath 
in  10  seconds  of  simulation  time  (the  actual  time  response  plots  are 
not  shown  in  order  to  maintain  brevity).  To  compensate  for  this  un¬ 
acceptable  deviation,  more  state  and  control  weighting  was  placed 
on  the  aircraft  states  and  controls  (horizontal  rudder,  ailerons,  etc.) 
and  less  weighting  placed  on  engine  states  and  controls  in  following 
iterations. 

VI.  FINAL  CONTROL  LAW 

After  a  large  number  of  iterations,  a  final  control  law  for  the 
system  was  selected.  The  open  and  closed  loop  poles  of  the  system 
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are  shown  in  Table  1  (note  that  the  open  loop  poles  are  S  plane  poles, 
and  the  closed  loop  poles  are  Z  plane  poles). 


OPEN  LOOP  EIGENVALUES  (S  plane) 


CLOSED  LOOP  EIGENVALUES  (Z  plane) 


Real  Part 

Imag .  Part 

Real  Part 

Imag.  Part 

0.0 

0.0 

0.18268 

0.0 

-50.0 

0.0 

0.065086 

0.0 

-50.0 

0.0 

0.25663 

0.0 

-0.77631 

0.0 

0.356845 

0.0 

-20.0 

0.0 

0.356847 

0.0 

-100.0 

0.0 

0.64543 

0.151146 

-100.0 

0.0 

0.64543 

-0.151146 

-100.0 

0.0 

0.99937 

0.005337 

-160.603 

0.0 

0.99937 

-0.005337 

-2.6142 

0.0 

0.999978 

0.0 

-7.6226 

0.0 

0.965452 

0.0 

-14.9 

0.0 

0.948668 

0.0 

15.3186 

0.0 

0.934649 

0.0 

-15.3186 

0.0 

0.9035 

0.0 

-3.0999 

0.0 

0.94994 

0.0 

2.068 

0.0 

0.77071 

0.000396 

-0.035276 

0.31402 

0.77071 

-0.000396 

-0.035276 

-0.31402 

0.98689 

0.0 

-60.606 

0.0 

0.71177 

0.0 

-40.0 

0.0 

0.18268 

0.0 

-40.0 

0.0 

0.506505 

0.0 

-80.0 

0.0 

0.18268 

0.0 

-60.606 

0.0 

0.506505 

0.0 

-5.124 

0.0 

0.522028 

0.0 

-38.71 

0.0 

0.518509 

0.0 

-38.71 

0.0 

0.517743 

0.0 

-38.71 

0.0 

0.517732 

0.0 

-38.71 

0.0 

0.427415 

0.0 

-38.71 

0.0 

0.427415 

0.0 

-24.6 

0.0 

0.517848 

0.0 

-24.6 

0.0 

0.657999 

0.0 

-24.6 

0.0 

0.657999 

0.0 
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Table  1  -  Open  and  Closed  Loop  Eigenvalues 
Sampling  Time  =  17  milli-seconds 

After  examining  Table  1,  it  can  be  seen  that  the  open  loop  system 

has  2  poles  in  the  right  half  plane,  and  is  thus  unstable.  The  closed 

loop  system  has  all  poles  located  inside  the  unit  circle  in  the  Z 

TS 

plane  (the  transformation  between  the  S  and  Z  planes  is  Z  =  e  : 
poles  in  the  left  half  of  the  S  plane  map  inside  the  unit  circle  in 

31-10 


V-\ 

B,  _  -  • 


.y  : 


the  Z  plane)  and  thus  is  an  asymptotically  stable  system.  However, 

8  of  the  closed  loop  poles  have  magnitudes  very  close  to  1,  indicating 
that  these  poles  will  cause  several  states  to  have  long  settling  times 
(including  the  aircraft  altitude).  Examining  the  time  simulation  con¬ 
firms  this  statement. 

Although  the  final  system  response  is  not  completely  satisfactory 
from  a  performance  standpoint,  it  was  chosen  because  the  system  stayed 
within  physical  limitations  imposed  upon  the  aircraft.  Specifically, 
aircraft  constraints  limit  horizontal  rudder  deflections,  aileron  de¬ 
flections,  leading  edge  flap  deflections,  trailing  edge  flap  deflec¬ 
tions,  and  canard  deflections  to  a  total  range  of  approximately  100 
degrees  (in  most  cases  less  than  this).  Since  a  moderate  perturba¬ 
tion  of  the  final  system  model  required  feedback  control  signals  ap¬ 
proaching  these  physical  limits,  the  system  response  could  not  be  im¬ 
proved  without  requiring  the  system  to  behave  in  an  impossible  manner 
(for  example  requiring  a  canard  deflection  of  200  degrees-mathemati- 
cally  possible  but  not  physically  possible).  In  its  final  form  the 
closed  loop  system  is  asymptotically  stable,  but  the  system  response 
requires  improvement  before  real  time  implementation  can  take  place. 

RECOMMENDATIONS 

Since  the  final  control  scheme  devised  for  the  aircraft/engine 
linear  model  did  not  produce  a  completely  satisfactory  time  response, 
further  design  work  with  this  model  needs  to  be  completed.  The  model 
itself  should  be  examined  for  possible  errors  which  might  have  caused 
the  time  response  of  the  linear  model  to  be  misrepresentative  of  the 
actual  system  (recall  that  the  model  used  is  based  on  the  F-18A  design 
a  design  that  has  been  successfully  controlled).  The  Digital  LQR 
design  theory  used  should  also  be  re-evaluated  and  re-examined  for 
possible  problems. 

In  addition  to  the  above  recommendations,  there  are  several  other 
items  that  deserve  discussion.  The  first  item  has  to  do  with  the  sub¬ 
routine  used  to  produce  the  digital  time  simulation  (because  of  time 
limitations  of  the  project,  every  effort  was  made  to  use  existing  soft 


ware  rather  than  expend  time  to  write  new  software).  This  subroutine 
produced  the  time  simulation  using  the  discretized  system  equations, 
including  equation  (3).  Equation  (3)  computes  the  feedback  control 
signal  from  the  instantaneous  state  deviations.  Equation  (3)  assumes 
this  computation  to  be  instantaneous,  but  in  reality  a  digital  com¬ 
puter  implementing  equation  (3)  in  real  time  control  would  produce 
results  more  representative  of  the  equation 

u[(k+l)T]  =  -Px(kT)  (2i; 

because  of  time  delays  associated  with  multiplication.  Figure  1  illu 
strates  this  phenomenon. 


Input 
State 
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!  Time  < 
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Output 

Control 
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delay  to 
.  states  _4 
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Computer  Time 


(k-l)T 


(k+l)T 


Figure  1  -  Illustration  of  Computational  Time  Dela 


This  additional  time  delay  produces  an  extra  pole  (at  the  origin 

in  the  Z  plane)  in  the  closed  loop  system,  causing  the  time  response 

to  be  different  (usually  less  damped)  than  the  response  produced  by 

3 

using  equation  (3)  for  the  simulation.  This  time  delay  is  inherent 
when  digital  computers  are  used  for  real  time  control,  and  a  simulation 
subroutine  that  incorporates  this  delay  should  be  used  to  produce  an 
accurate  time  simulation  (the  effect  of  the  delay  becomes  more  pro¬ 
nounced  as  the  sampling  time  is  increased). 

Another  item  that  needs  to  be  discussed  also  deals  with  a  sub¬ 
routine  used  for  the  time  simulation,  in  this  case  the  method  in  which 
the  system  is  given  perturbations.  As  discussed  previously,  the  time 


response  is  produced  using  equation  (2C).  The  use  of  this  equation 
limits  one  to  producing  the  closed  loop  response  to  a  step  input  (the 
initial  states  are  given  a  perturbation  and  the  response  is  observed 
to  see  if  the  system  returns  to  steady  state).  A  more  realistic  sim¬ 
ulation  would  allow  ramp  and  other  types  of  inputs  (more  representa¬ 
tive  of  what  an  aircraft  might  encounter  in  flight)  to  be  used. 

Finall  ,  the  effects  of  changing  the  sampling  time  need  to  be 
examined  in  more  detail.  One  of  the  initial  objectives  was  to  study 
changes  in  system  response  caused  by  varying  the  sampling  time,  but 
time  limitations  on  the  project  restricted  the  study  to  one  sampling 
time. 
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ABSTRACT 


Hyperbaric  oxygen  was  found  to  affect  adversely  the 
electrophyslologlcal  response  of  the  retina  to  light  In  rats  fed 
a  diet  deflclnet  In  both  vitamin  E  and  selenium.  Both  vitamin  E 
and  selenium  are  micronutrients  thought  to  play  essential  roles 
In  preventing  In  vivo  lipid  peroxidation.  Rats  fed  diets  supple¬ 
mented  with  vitamin  E  and/or  selenium  and  treated  with  2.0  ATA 
(atmospheres  absolute)  of  100  percent  oxygen  for  1.5  hours  per 
day  for  4  weeks  did  not  show  any  decrease  In  el ectroretl nogram 
response.  The  retina  Is  known  to  be  particularly  susceptible  to 
oxidative  damage  caused  by  In  vivo  lipid  peroxidation.  Dietary 
antioxidants  appear  to  provide  protection  from  hyperbaric  oxygen 
damage  to  the  rat  retina. 


I-  IMI8QBUCIUW!' 

Hyperbaric  oxygen  treateent  ie  currently  being  used  by  the  School 
of  Aerospace  Medicine  to  treat  a  variety  of  clinical  disorders.  These 
clinical  disorders  include  gas  gangrene,  gas  eebolisa,  decompression 
sickness,  carbon  Monoxide  poisoning  and  mound  healing  enhancement. 

The  therapeutic  benefits  of  long  tern  hyperbaric  oxygen  treatment  are 
potentially  limited  by  the  adverse  clinical  and  pathological  effects 
of  high  oxygen  concentration  upon  the  retina  and  lung.  In  addition, 
•any  drugs  and  toxins  are  known  to  directly  promote  oxidative  damage 
or  to  interfere  with  enzymatic  antioxidant  mechanisms.  This  raises 
the  possibility  of  adverse  drug-hyperbaric  oxygen  interactions  in 
patients  undergoing  long-term  hyperbaric  oxygen  therapy. 

Gable  and  Townsend  <1>  have  observed  pulmonary  lesions  in  victims 
of  fatal  military  aircraft  accidents  "possibly  attributable  to 
prolonged  intermittent  supplemental  oxygen,  stressing  the  potential 
hazard  of  oxygen  toxicity  for  aviators"  <2) .  Oxygen  toxicity  to 
retinal  and  pulmonary  tissues  most  likely  involves  free  radical  damage 
to  biological  membranes.  Vitamin  E  and  selenium  are  nutrients  that 
play  a  central  role  in  physiological  antioxidant  eechanisms.  Vitamin 
E  effectively  quenches  free  radicals  generated  by  lipid  peroxidation. 
Selenium  is  a  cofactor  far  glutathione  peroxidase  which  detoxifies 
lipid  hydroperoxides.  fJuMOl  illflEilOt  tQ  lltliiO  E  iOACOC  HlffliUS 
may  fe*  BKUnillcLX  WKIBtitlll  £8  £&*  ElttiaBbYllBlBBiEll  EBQMSUEQC** 
Of  hvoerbaric  Q&yggQa.  Conversely,  dietary  supplements  of  these 
micronutrients  may  offer  considerable  protection  against  oxygen 
toxicity. 

The  retina  is  more  sensitive  to  toxic  and  environmental  disorders 
than  most  tissues.  The  retina  is  particularly  predisposed  to  the 


toxic  effects  of  lipid  peroxidation  initiated  by  oxy-radicals.  This 
is  because  the  rmtins  has:  a)  a  very  high  content  of  pol yunsaturated 
fatty  acids  (about  SOX  22 : 6n  3  >  which  are  very  susceptible  to  lipid 
peroxidation  <6)1  b)  a  very  hiqh  consuaption  of  oxygen,  about  seven 
tines  eore  per  g  of  tissue  than  the  brain  and  I  c)  the  presence  of 
pigeents  (e.g.  retinal)  capable  of  inducing  photosensitized  oxidation 
reactions  (7).  Retinal  lipid  peroxidation  is  likely  to  be  accelerated 
under  conditions  of  hyperbaric  oxygen  stress. 

In  anioal  nodels  hyperbaric  oxygen  causes  severe  retinal  pathology 
and,  in  hueans,  causes  1ms  of  visual  fields  and  visual  definition 
(8).  The  ability  of  the  retina  to  resist  oxidative  daaage  is  very 
dependent  upon  the  functioning  of  both  enzymatic  and  cheeical 
antioxidant  mechanises  (3).  A  number  of  important  antioxidant 
mechanisms  are  very  dependent  upon  micronutrient  intake.  Me  have 
previously  shown  that  rat  retinas  have  significant  levels  of  vitamin 
E,  glutathione-S— transferase,  and  the  selenoenzyme  glutathione 
peroxidase  (3,4).  Retinal  vitamin  E  and  glutathione  peroxidase  are 
decreased  to  very  low  levels  by  nutritional  deficiency  of  vitamin  E 
and  selenium,  respectively  (7,9).  Retinal  glutathione-S-tranef erase 
activity  is  induced  in  the  absence  of  dietary  vitamin  E  and  selenium 
(4). 

Rats  deficient  in  vitamin  E  and  selenium  (the  B  dietary  group)  show 
a  decreased  a-  and  b-tnave  electroretinogram  (ERG)  amplitude  (9). 

Recent  in  vitro  studies  of  Armstrong,  et  al.  (10),  have  shown  that 
intravitrael  injections  of  synthetic  lipid  hydroperoxides  into  rabbit 
eyes  causes  a  marked  decrease  in  the  amplitude  of  the  a-,  b-,  and 
c-waves  of  the  ER8.  The  retinal  pigment  epithelium  of  rats  fed  the 
diet  deficient  in  both  vitamin  E  and  selenium  also  show  a  large 


accumulation  of  lipofuscin  pigaant  19>  aa  Mali  as  major 
ultrastructural  altarations  (11).  Lipofuscin  pigaant  is  thought  to  ba 
a  by-product  of  in  vivo  lipid  peroxidation  and  can  ba  aaasurad  by 
fluorascant  microscopy. 

Tha  information  prasantad  abova  suggaats  that  hyparbaric  oxygen 
damaga  to  tha  ratina  Mould  bo  graatly  accalaratad  in  casas  of 
antioxidant  nutriaht  daficiancas  and  inhibited  by  dietary 
supplementation  with  antioxidant  nutrients. 

II-  OWiCIiyeS  OF  Its  B€iEABSH  effqrj: 

The  primary  goal  of  this  project  Mas  to  determine  if  hyperbaric 
oxygen  damaga  to  the  retina  and  lung  is  accelerated  in  organisms 
deficient  in  dietary  antioxidant  nutrients  and  inhibited  in  organisms 
supplemented  with  antioxidant  nutrients.  Rats  Mill  ba  used  as  an 
experimental  model  in  this  work.  Damaga  to  the  ratina  Mill  ba 
determined  noninvasi valy  by  measurement  of  electraretinograms  (ERSs) . 
When  ERGs  show  evidence  of  retinal  damaga  tha  rats  Mill  ba  sacrificed 
and  tha  retinas  and  pulmonary  tissues  examined  by  fluorescent 
microscopy,  as  Mall  as  light  and  electron  microscopy.  Lung  tissue 
samples  Mill  also  ba  collected  and  biochemically  characterized  as 
described  bel om. 

hi-  sxpgRihgNiAt,  eesiew: 

Rats  Mere  fed  diets  deficient  in  antioxidant  nutrients.  The 
antioxidant  nutrients  tested  in  this  initial  study  Mere  vitamin  E  and 
selenium.  A  factorial  design  mss  utilized  in  Mhich  the  dietary  groups 


X)  a  basal  dist  deficient  in  both  vitaain  E  and  salaniua  but 
adsquats  in  all  othar  nutrisnta  (tha  basal  or  B  dist) 

2)  a  basal  dist  plus  vitasin  E  (tha  B+E  dist) 

3)  a  basal  plus  salania  dist  (ths  B+Se  dist) 

4)  a  basal  plus  vitaain  E  plus  salaniua  dist  (ths  B+E+Se  dist) 

Ths  datailad  coaposi t i on  of  ths  basal  dist  is  givsn  in  Tabla  IV. 
Enough  food  has  bsan  mixed  to  continus  ths  nutritional  sitpariaonts  to 
ths  and  of  October,  1984  I  i.a.  for  a  total  of  lb  Masks  or  8  Masks 
bsyond  tha  and  of  tha  SFRP  tsnurs. 

Hals,  30  g,  inbrad  Fischer-344  (CDF)  rats  msts  obtainad  froa 
Charlss  Rivsr  Drssding  Laboratory.  Ths  P. I.  has  utllizsd  this  rat 
strain  in  nutritional  axpar issnts  analogous  to  thosa  propossd  hsra. 

Tha  tiaa  c our ms  far  davalapaant  of  nutritional  daficiancias  in  vitaain 
E  and  salaniua  is  Mall  characterized  in  this  strain.  Us  hava  also 
par for sad  axtanslva  histopathology  studies  on  Fischat — 344  rats  fad 
diets  identical  to  thosa  used  in  this  study.  It  takas  about  5  Masks 
far  30  g  rats  to  lose  half  of  their  blood  salaniua  and  half  of  their 
plasaa  vitaain  E  content  whan  fad  tha  basal  diet.  After  10  Masks,  tha 
rats  hava  only  about  lOX  of  thair  initial  blood  vitaain  E  and 
salaniua.  After  20  Masks,  rats  are  alaoet  totally  depleted  of  both 
aicronutriants  and  suffer  retinal  daaaga  under  nonstress  conditions. 

Tha  animals  Mara  housed  in  suspended  stainless  steal.  Mire— bottoaed 
cages  and  maintained  at  23+2  C  and  SOX  relative  humidity.  Lighting 
Mas  on  a  6:00  AM  to  6:00  PM  light  period  and  a  6:00  PM  to  6:00  AM  dark 


period.  Upon  arrival  at  Brooka  flFB,  tho  rata  were  fed  a  noraal  Purina 
laboratory  chon  (Rod ant  Laboratory  Chon  5001 ,  Ralaton  Purina  Co.,  St. 
Louia,  liO)  and  water  ad  libitue  for  i  week.  The  rata  were  randoely 
divided  into  the  four  dietary  groupa  designated  above.  Eight  anieala 
were  uaed  per  dietary  group  <32  rata  in  total).  The  baaal  group  wee 
fed  a  Tor  ill a  yeast -baaed  diet  having  very  low  levels  of  vitaein  E  and 
Se  but  adequate  levels  of  all  other  nutrients  as  proposed  by  the 
National  Research  Council  for  the  Laboratory  Rat.  The  baaal ♦vit  E+Se 
group  was  fed  an  indentical  diet  but  sup pi  eaten ted  with  50  eg  vitaein  E 
per  kg  of  diet  <1.1  III  per  eg  of  DL-alpha-tocopherol >  and  0.4  ppe  Se 
(added  as  sodiue  selenite).  All  dietary  supplies  were  purchased  from 
U.S.  Biocheaical  Co,  Cleveland,  OH.  The  Torula-based  diets  were 
prepared  in  small  batches  by  slowly  mixing  the  constituents  to  avoid 
heating,  and  stored  at  4  C.  The  glass  and  stainless  steel  feeders, 
obtained  from  Hazelton  Systems,  Aberdeen,  MO,  were  filled  every  2  days 
and  any  uneaten  food  discarded  to  minimize  rancidity.  The  glass  and 
stainless  steel  feeders  as  well  as  a  small  <2  kg  capacity)  Hobart  food 
mixer  were  shipped  to  Brooks  AFB  from  the  P. I.’s  laboratory  at  Meharry 
Medical  College.  Rats  in  all  the  dietary  groups  were  provided  with 
deionized  water  to  which  3  ppm  chromium  (as  CrC13>  was  added.  Both 
diet  and  drinking  water  were  provided  ad  libitum.  Half  the  rats  from 
each  dietary  group  were  treated  with  2.0  ATA  of  pure  oxygen  for  1-5  hr 
per  day.  This  treatment  began  2  weeks  after  the  start  of  the  dietary 
regimens.  The  other  half  of  the  rats  provide  a  nonHBO  control  groups 
to  monitor  retinal  damage  that  might  be  due  to  antioxidant  deficiency 
alone. 

At  weeks  2,  4,  and  6  and  8,  el ectroreti nograms  (ERGs)  of  rats  in 
each  dietary  group  were  recorded.  ERG  measurements  were  made  using  an 


aluainiifd  mylar  plastic  poaitiva  alactroda  placed  on  th*  cornaa  of 
each  rat.  This  alactroda  effectively  aliainatas  the  possibility  of 
cornaal  damage.  Tha  ground  alactroda  Mas  attachatd  to  tha  rat  aar 
loba.  A  nagativa  pin  alactroda  mb  insartad  undar  tha  scalp.  Ma  usad 
a  ganzfeld  (whole  field)  -flash,  a  Brass  photostiaulator  and  a  Tektonix 
modal  6912  racording  oscilloscope  with  a  9A22N  diffarantial  aaplifiar 
and  a  SB ION  tiaa  basa  aaplifiar.  Tha  animals  wars  placad  in  a  dark 
room  for  1  hr  bafora  maasuring  ERGs.  About  10  min  baf ora  racording  an 
ERG,  aach  rat  was  anasthatizad  <IH  injaction)  with  0.1  ml  of  katamina 
(SO  ag/al ) .  At  laast  six’s  a-  and  b-wava  aaplituda  aaasuramants  Mara 
aada  for  aach  aya  and  tha  rasults  (at  laast  12  aaasuramants  par  rat) 
avaragad.  Tha  P. I.  and  Mr.  Gaorga  Howard  wara  rasponsibla  for  thasa 
aaasuramants. 

Rats  from  aach  diatary  group  hava  baan  evaluated  for  plasma  vitamin 
E,  plasma  glutathione  peroxidase  (GSHPX),  and  red  blood  call 
glutathione  peroxidase  at  weak  3.  Plasma  and  RBC  samples  were 
collected  at  weak  7  and  will  be  analyzed  on  the  P. I.’s  return  to 
Meharry  Medical  College.  Glutathione  peroxidase  is  a  selenoenzyme  and 
its  activity  in  plasma  and  red  blood  cells  (RBCs)  is  a  good  measure  of 
selenium  status.  Blood  is  obtained  from  aach  rat  after  cutting  (undar 
methoxyf luorane  anesthetization)  off  a  small  section  from  the  and  of 
tha  tail.  This  process  is  relatively  untraumatic  and  can  easily  ba 
done  on  tha  same  rat  on  a  biweekly  basis.  Blood  is  separated  into 
plasma  and  washed  RBCs.  Tha  glutathione  peroxidase  assays  on  plasma, 
and  RBCs  as  wall  as  plasma  vitamin  E  assays  will  ba  dona  at  Meharry 
Medical  Collage  by  the  P. I.  and  Mr.  6eorge  Howard,  a  summer  graduate 
student  SCEEE  fallow. 


% 


Whan  th#  ratt  txpoHd  to  hyparbaric  oxygan  and  deficient  in  vitaain 
E  and/or  aalaniua  showed  aigns  of  ratinal  daaaga  <auch  aa  diminished 
ERG  a-  and  b-««ava  amplitudes),  thay  Mara  sacrificed  <by  ovardoaa  of 
aethoxyf luorana)  for  datailad  biochaaical  and  cytopathol ogy  atudiaa. 
Control  aniaals,  not  exposed  to  hyparbaric  oxygan  Mara  alao 
sacrificed.  Rata  tad  tha  diat  deficient  in  both  vitaain  E  and 
aalaniua  and  traatad  with  HBO  <tha  B+HBO  group)  hava  already  ahoMn 
decraaaad  ERS  a-Mave  aaplitudaa  coaparad  with  the  non HBO  B  group. 

Rata  from  the  B  and  B+HBO  group  have  therefore  been  sacrificed  for 
future  biochaaical  and  cytopathol ogy  studies. 

IV.  IHg  EEEEGIS  QE  HYPERBARIC  QXYggN  ON  ELECTRORSTINOGRAHSi 

At  weeks  2  and  4,  hyparbaric  oxygan  treataent  had  no  apparent 
effect  on  ER6s  recorded  froa  rata  on  any  of  tha  dietary  regiaens.  As 
shown  in  Table  I,  rats  exposed  to  hyperbaric  oxygan  treatment  for  4 
Meeks,  and  fed  a  basal  diet  <B  diet)  deficient  in  vitamin  E  and 
aalaniua  for  6  Meeks,  hava  decreased  ERB  a-Mave  amplitudes  <P<O.OS> 
and  b-rnave  amplitudes  compared  to  age— matched  rata  fed  an  identical 
diet  but  not  treated  Mith  hyperbaric  oxygan.  Rats  fad  diets  deficient 
in  vitaain  E  <B+Se  diet)  or  seleniua  alone  (B+E  diet)  did  not  shorn  any 
decline  in  ERG  a-  or  b-mave  amplitudes  when  exposed  to  hyperbaric 
oxygen  at  this  time  (sea  Table  I).  We  anticipate,  however,  that  rats 
deficient  in  vitaain  E  or  seleniua  will  eventually  show  decreased 
retinal  function  as  they  become  progressively  more  deficient  in  these 
micronutrients.  Acute  deficiency  of  vitaain  E  and  selenium  takes  no 
longer  than  IS  weeks  on  the  dietary  regimens. 


v.  It£  EEE6CI  QE  HYPgSBfiBIC  QX5CSEN  qn  WEIStil  ANQ  @61*: 


Rata  fed  tha-B  diet  daficiant  in  both  vitamin  E  and  selenium  for  3 
HMki,  and  treated  with  hyparbaric  oxygan  <HBO>  for  3  waaka  ahow  a 
dacraasad  waight  and  waight  gain  coaparad  with  aga-aatchad  rata  fad  an 


identical  diat  but  not  racaiving  HBO  traataant  (saa  Tab la  II). 
Siailarly,  rata  fad  tha  vitaain  E  deficient  diat  and  traatad  with  HBO 
(B+Se+HBO>  ara  also  baginning  to  daaonatrata  a  raducad  waight  and 
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waight  gain  which  aight  indicate  the  onset  of  chronic  HBO  toxicity  and 
retinal  daaaga.  HBO  traataant  does  not  appear  to  be  adversely 
affecting  tha  waight  or  waight  gain  of  rats  fed  the  vitaain  E  and 
seleniua  auppl eaented  diet  (tha  B+£+Se  diet)  or  tha  diat  suppleaented 
with  vitaain  E  alone  (the  B+E  diet). 


vi.  aniiqxidani  status  of  rajs: 

Plasma  vitaain  E,  rad  blood  cell  and  plasma  Se-glutathione 
peroxidase  activities  ware  measured  in  rats,  in  all  dietary  groups,  3 
weeks  after  the  start  of  the  nutritional  regimens.  As  expected,  rats 
fed  the  B  diet  have  significantly  lower  plasma  vitamin  E  as  well  as 
plasma  and  RBC  Se— glutathione  peroxidase  activities  compared  to  rats 
fed  tha  B+E+Se  diet  (see  Table  III).  We  have  recently  obtained  plasma 
and  RBC  samples  at  week  7  and  plan  to  measure  plasma  vitamin  E,  plasma 
and  RBC  glutathione  peroxidase  and  RBC  glutathione  levels  in  these 
samples.  This  work  will  be  done  at  Meharry  Medical  College  in  the 
P. I.’s  laboratory. 


VII.  RECOMMENDAT I QMS : 

Dietary  defi dances  of  bg£h  vitamin  E  and  sei.eni.um  were  found  to 
adversely  effect  the  elactrophysiological  response  of  the  retina  to 
light.  Rats  are  generally  considered  a  species  vary  resistant  to 
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oxidative  di 


Our  prtllainary  results  luggaat  that  nutritional 


supplementation  of  patients  with  antioxidant  nutrients  could  diainish 
the  oxygen  tonicity  prod lees  associated  with  HBO  therapy.  He  do  not 
yet  knoM  if  deficiency  of  vitaoin  £  gc  so lent  us  alone  Mill  be 
associated  Mith  hyper Afa art c  oxygen  daeage  to  the  rat  retina.  He 
re coanended  that  the  nutritional  experiaents  be  continued  for  an 
additional  4  to  6  nooks  so  that  ER8  aeasuroaents  can  be  aade  on  rats 
treated  Mith  hyperbaric  oxygen  and  acutely  deficient  in  vitaaln  E 
<B+8e  group)  or  seleniua  (B+€  group). 

It  is  also  recoaaended  that  the  follou-on  biocheaical  studies  of 
lung  tissue,  and  light /electron  aicroscopy  studies  of  lung  and  retinal 
tissues,  be  pursued  as  detailed  in  the  RESEARCH  INITIATION  PROPOSAL. 

Aniaals  in  the  B  and  B+HBO  groups  Mere  euthanized  at  nook  a  and 
saaples  of  lung  tissue  stared  at  -70  C  far  biocheaical  analyses  (see 
beloM) .  The  rats  Mere  perfused  Mith  Karnofsky's  fixative.  Retinal 
and  lung  tissues  Mere  eabedded  in  Epon  far  future  analyses  by 
fluorescent  aicroscopy,  phase  contrast  aicroscopy,  and  electron 
Microscopy. 

Rats  have  enzymatic  antioxidant  aechanlsas  that  can  be  induced  in 
response  to  oxidative  stress  (3,4,3).  The  degree  to  Mhich  a  organisa 
can  induce  these  enzyaatic  antioxidant  aachanisas  aay  be  an  important 
par aaeter  in  deteralning  an  organlsa's  susceptibility  to  oxygen 
toxicity.  These  potential  physiological  responses  oust  be 
characterized  before  the  relevancy  of  our  results  to  huaans  can  be 
understood.  Blutathlone  0  transferase  activity  in  the  rat  lung 
increases  in  response  to  hyper ox 1 a  (3).  A  number  of 
glutathlone-81 transferase  1 sozyaes  have  a  "nonseleniua  glutathione 
peroxidase"  activity  that  aay  protect  against  damaging  in  vivo  lipid 
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paroMidation  raactiona.  Wo  tharafora  raeoaaand  that  the 
glutathlana  8  transferase  iaoiyaa  prof 11m  In  tha  lungs  of  antioxidant 
daf lei ant  and  suppl seen tod  rats  bo  ssssursd  and  characterised.  Mr. 
George  Howard,  Jr.  and  tha  P. I.  hava  davalapad  high  pr as sura  liquid 
chroMtographic  procedures  for  tha  rapid  sap  ar  at  ion  and  purification 
of  glutathione-S-transferase  i sox  yeas .  Those  biochaaical 
dotaroi nations  should  bo  dono  on  rats  traatad  with  hyperbaric  oxygen 
(HBO)  and  on  control  nonHBO  rats  raised  under  normal  conditions. 

The  results  of  tha  light/olectran  microscopy  studios  of  lung  and 
ratinal  tissues  would  csrtainly  benefit  by  quantitative  computer -image 
analysis. 
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TtbU  I.  Thi  offs et  of  hyp  or  baric  oxygon  (HSO)  an  •-  and  b  wav 
slectraratlnograa  aaplitudos  <aoan+S£H)  in  rats  fad  diots  dofieiant 
or  suppl anon tod  with  vitaoin  E  and/or  oolaniuo. 


Dietary  group  1  a-wavo  b-wava 


olcrovolts 


0H»0<3> 

08+9* 

231+41 

8(4) 

139+13 

331+37 

8+E+HBO  <41 

153+8 

313+37 

B«C<4> 

144+7 

312+13 

P+8o+HB0<4> 

140+16 

306+34 

B+8a<4> 

141+6 

266+14 

0+C+Sa+HBO<4> 

B+E+6o<4> 


1434-18 
147+1 1 


294+37 

281+37 


Tabl*  II.  Height a  and  Might  gain*  (aean+SEN)  ot  rata  tad  d  i  at  a 
datlciant  or  auppleeented  with  vitaain  E  and/or  aeleniua  and  with 
or  without  hypar baric  oxygon  traataant. 


Dietary  group  1 

weight  gain 

weight 

g/100  g/week 

Q 

DUbO 

7.2 

1704-3 

B 

10.9 

188+2 

■♦EdBO 

12.3 

204+7 

B+E 

12.3 

198+4 

DiOoifO 

9.3 

180+3 

B+Se 

14.4 

199+3 

B+C+Bo*HBO 

13.9 

190+4 

B+E+3e 

11.1 

187+3 

LC 

9.7 

199+3 

1  Hyparbaric  oxygon  wao  provided  aa  in  Table  I  but  tar  3  week* 
prior  to  weight  weaeureoents.  Rate  were  an  the  indicated  diet  a 
tar  3  nookm  price-  to  weight  aeaaureaenta.  Dietary  auppl eaentati on 
waa  aa  deacribed  in  Table  1. 


Table  Ill.  Antioxidant  1  ovals  <—  iillMII)  in  rats  fad  diata 
supplsasntad  or  daficiant  in  vitaain  C  and/or  aalaniua  and  with  or 
without  hypar baric  oxygsn  (HBO)  traataant. 


Dlatary  plaaaa  vitaain  E 

group  t  ug/al  of  plaaaa 


glutathione  peroxidaee 
plaaaa  RBC 

ailli  a.u./ul  ailli  a.u./ag  Hb 


B+HSO 

1.640. 2 

0.5+0.  2 

219+55 

B 

1. 9+0.2 

0.5+0. 2 

244+42 

DiCilPO 

4.  9+0.  3 

NH 

Ml 

B+€ 

S. 7+0. 3 

Ml 

Ml 

B»So » HBO 

1.5+0.  3 

3. 4+0.4 

*37+147 

■axes— 

1. 5+0.3 

2.  2+0.  2 

*58+217 

B+E+So+HBO 

5.  0+0.6 

3. 0+0.4 

984+180 

B+E+So 

5. 4+0.4 

2.4+0. 5 

1417+110 

1  Hyperbaric  oxygen  waa  provided  aa  in  Table  I  but  far  1  week 
prior  to  poseur ooont  of  antioxidant  levels.  Rata  ware  on  the 
indicated  diets  far  3  nooks  prior  to  — ssuroesnt  of  antioxidant 
levels.  Eight  rata  ware  in  each  dietary  group  and  half  ware 
treated  with  HBO.  Hilli  e.u.  far  glutathione  peroxidase  activity 
is  nanoaoles  of  NAOPH  oxidised  par  ein.  Ml  indicates  not  poseur od 
at  this  ties  point. 


Tabla  IV.  Coapoittion  of  basal  diet. 


Ingradiant 

g/lOOg 

Tour la  yaast 

36.00 

Sucrose 

43.05 

Corn  oil,  tocapharol  strippad 

14.50 

Vitaain  aix  1 

2.20 

Mineral  aix  Orapsr  2 

4.00 

L-Hathlonina 

0.25 

1.  Tha  vitaain  aixture  provided:  (in  ag/lOO  g  o f  dlatl  ascorbic 
acid,  99|  inositol.  111  cholina  chlorido,  16.51  p-aai nobenx  o i c 
acid.  111  niacin,  9.9|  riboflavin,  2.21  pyr i don i no-MCl,  2.2| 
thiaain  MCI,  2.2|  calciua  pantothsnats,  6.6|  biotin,  O.OSl 

folic  acid,  0.21  vitaain  B-12,  0.003.  In  addition  tha  vitaain  aixtura 
contains:  (in  units  / 100  g  of  diat)  vitaain  A  acatata,  1980| 
calcifarol <D3> ,  220. 

2.  Tha  salt  aix  providad  (in  ag/lOO  g  of  diat):  CaCOS,  6541 
CuS04.3H20,  0.721  Ca3(P04)2,  14221  Farric  cltrata.3H20,  64 I 
Mn804.H20,  5. SI  potassiua  citrata.H20,  4461  KI,  0.161 
K2HP04,  3091  NaCl,  4321  ZnC03,  1.81  and  HgCOS,  164. 
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ANALYSIS  CF  CONTRAST  SEMSITIVnY  MEASURES 


Mare  V.  Hunter 


ABSTRACT 

Visual  contrast  sensitivity  measures  were  obtained  using  a  video 
display  that  generated  vertical  sine-wave  gratings.  Threshold  contrasts 
**re  determined  using  three  different  methods  of  stimulus  presentation: 
Bekesy  Tracking  (Experiment  1) ,  and  the  methods  of  adjustment  and  increas 
ing  contrast  (Experiment  2)  I  An  inverted-U  described  the  general  fora  of 
contrast  sensitivity  functions  far  all  three  psychophysical  methods,  thus 
confirming  that  visual  resolving  power  is  best  at  intermediate  spatial 
frequencies  and  progressively  less  keen  at  relatively  extrane  frequencies 
The  data  from  the  Bekesy  Tracking  procedure  were  collected  into  separate 
distributions  far  the  ascending  and  descending  trials,  and  deconvolving 
the  former  distribution  from  the  latter  resulted  in  a  model  that  was 
exponential  in  form.  This  analysis  of  component  processes  suggested  that 
contrast  sensitivity  measures  axe  comprised  of  at  least  two  component 
processes,  only  one  of  which  reflects  sensory  sensitivity,  the  other  (s) 
having  to  do  with  undesired  response-criterion  bias.  In  general,  the  ' 
results  indicate  that  the  method  of  increasing  contrast  generates  the 
most  "criterion- free"  measures  of  contrast  sensitivity.  These  measures 
could  serve  as  the  beet  predictor  of  the  contrast  sensitivity  required 
in  other  tasks,  such  as  performance  in  a  visual  simulator,  in  which 
precise  visual  resolution  is  essential. 
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I.  INTRODUCTION 


An  important  aspect  of  visual  perception  is  the  resolving  paver  of 
the  visual  systan,  that  is,  its  ability  to  determine  very  snail  spatial 
patterns,  or  to  discriminate  fine  detail  in  a  visual  display.  Visual 
acuity  is  particularly  essential  when  a  person  is  required  to  detect  and 
identify  objects  and  events  in  a  visual  environment  where  detailed  infor¬ 
mation  is  sparse  or  fleeting.  Sane  examples  are  driving  an  automobile  at 
night,  inspecting  electronic  microchips,  or  monitoring  distant  events  as 
they  are  being  displayed  on  a  video  screen.  Far  the  Air  Force,  the 
obvious  example  is  pilot  performance  in  either  a  visual  simulator  or  the 
aircraft  itself;  objects  and  patterns  that  "approach"  from  a  distance 
must  be  identified  rapidly  and  accurately  in  order  to  accomplish  a 
mission  without  adverse  consequences. 

On  way  to  measure  spatial  resolution  is  to  present  a  grating  of 
vertical  black  test  bars  cn  a  white  background  and  to  reduce  the  differ¬ 
ence  between  the  luninance  of  the  light  bars  and  the  luninance  of  the 
dark  bars  until  a  person  can  lio  longer  detect  the  dark  bars  on  the  white 
background.  Die  coarseness  of  the  grating  can  easily  be  varied,  and 
the  entire  test  field  is  presented  on  an  ordinary  video  display.  A 
crude  example  of  this  task  is  to  consider  the  vertical  blade  stripes  on 
a  zebra;  if  one  oould  vary  both  the  number  and  darkness  of  these  stripes, 
what  effect  would  this  have  on  one's  ability  to  detect  the  presence  of 
stripes  on  this  animal?  Of  course,  if  the  recognition  of  "zebra"  instead 
of  "horse"  were  sanehew  important,  this  kind  of  visual  resolving  power 
would  be  essential.  More  specifically,  the  difference  in  luninance  at 
which  such  stria  tiers  are  just  resolved  is  the  contrast  threshold. 


Contrast  is  usually  defined  as  (1^  -  ^  ♦  W '  Snax 


is  the  luninance  of  the  farlghteet  part  of  the  grating  ("white  stripes") 
and  is  the  luninance  of  the  darkest  part  ("black  stripes") .  The 
reciprocal  of  this  contrast  value  is  usually  confuted  and  is  plotted  as 
contrast  sensitivity.1  Contrast  threshold  measurements  are  usually 
obtained  far  a  number  of  sinusoidal  gratings  of  increasing  spatial  fre¬ 
quency,  in  cycles  per  degree  (increasing  number  of  stripes  on  the  zebra) . 
The  resulting  data  are  presented  in  the  form  of  contrast  sensitivity 
functions  (CSFs) ,  in  which  either  contrast  threshold2  or  contrast  sens!- 
tivity  '  is  plotted  on  a  logarithmic  ordinate  against  spatial  frequency 
on  a  logarithmic  abscissa. 

Recent  research  by  Ginsburg  and  his  associates3'5'6  has  explored 
several  psychophysical  methods  for  obtaining  contrast  sensitivity  measures, 
as  well  as  demonstrating  the  relationship  between  CSFs  and  performance 
measures  ranging  from  threshold  detection  and  identification  of  letters 
to  a  pilot's  skill  in  detecting  a  target  during  fighter-aircraft  simulation 
As  evidence  for  the  applied  value  of  these  procedures,  Ginsburg  and  cannon3 
also  reported  that  visual  abnormalities  caused  by  brain  lesions,  multiple 
sclerosis,  and  cataracts  are  apparent  in  measure^  of  threshold  contrast 
sensitivity,  but  not  necessarily  in  Snellen-type  tests  of  visual  acuity. 
Ginsburg  consistently  concluded  that  CSFs  are  superior  to  standard  clinical 
tests  (e.g. ,  the  Snellen  test  of  visual  acuity)  in  predicting  performance 
in  realistic  visual  environments. 

II.  RESEARCH  OBJECTIVES 

The  present  research  involved  a  distributional  analysis  of  the  data 


obtained  with  the  three  psychophysical  methods  studied  by  Ginsburg  and 
Cannon;  i.e. ,  Bekesy  Tracking,  the  method  of  adjustment,  and  the  method  of 
increasing  contrast.  According  to  Ginsburg  and  Cannon,  the  method  of 


the  instruc- 


increaeing  ocntrast  wee  the  best  of  the  three  methods  because 
tione  to  subjects  were  easiest  to  follow,  less  time  was  needed  for  data 
collection,  the  measures  were  most  consistent  (lowest  variability) ,  and 
perhaps  most  importantly  in  the  present  context,  the  contrast  threshold 
values  were  least  influenced  by  the  response-criterion  bias  that  obscures 
the  "pure”  relation  between  CSFs  and  sensory  processes  only.  It  should  be 
noted,  however,  that  none  of  the  psychophysical  methods  provides  data  that 
are  criterion  free,  primarily  because  an  operator's  disposition  to  respond 
to  a  detectable  Change  in  stimulation  (i.e. ,  contrast  changes)  tends  to 
vary  from  trial  to  trial.  In  this  vein,  the  separation  of  perosptual 
sensitivity  and  response  bias  from  overall  measures  of  threshold  sensi¬ 
tivity  is  an  enduring  problem  in  signal  detection  theory  and  peycho- 
physical  measurement. 

In  the  present  investigation,  entire  distributions  of  contrast  sensi¬ 
tivity  measures  were  evaluated.  A  system  identification  method  of  decon¬ 
volution  wee  used  to  deocmpoee  the  distributions  into  ocapcnant  densities 
that  presumably  reflected  the  separate  influence  of  "pure"  contrast  sensi¬ 
tivity  and  response  bias  on  threshold  detections.  The  general  research 
objective  was  the  same  as  Ginsburg's:  to  develop  a  valid  predictor  of 
contrast  sensitivity  in  other  tasks,  such  as  performance  in  a  visual 
simulator,  in  which  precise  visual  resolution  is  essential. 

III.  EXPERIMENT  1 

A.  Method.  The  operators  (highly  motivated,  professional  people) 
ware  three  pilot  trainees  at  Williams  AFB,  Arizona.  Each  operator  had 
normal  or  fully-corrected  vision,  lasting  was  conducted  in  a  darkened, 
quiet  room  in  the  Hunan  Resources  Laboratory. 

The  apparatus  wea  an  Optronix  Model  200  Vision  Tester,  which  has  bean 
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described  elsewhere.3  Briefly,  this  equipment  is  capable  of  displaying 
sinusoidal  gratings  at  different  spatial  frequencies.  Contrast  at  the 
video  screen  is  defined  as  (I^-I^/I^  +  l^).  In  the  present 
experiment,  the  display  screen  had  an  average  luainanoe  of  100  cd/ta2,  or 
the  equivalent  of  8?  decibels  (51  millilambarts)  of  white  light. ^  Seven 
spatial  frequencies  were  eeployed:  0.5,  1.0,  2.0,  4.0,  8.0,  11.4,  and 
22.8  cycles  per  degree.  The  operators  viewed  the  screen  from  a  distance 
of  three  meters. 

The  psychophysical  method  employed  in  Experiment  1  is  known  as  Bakesy 
Tracking.2,3  This  method  is  available  in  a  preprogramed  mode  of  operation 
in  the  Optronix  Vision  Tester.  Specifically,  the  contrast  either  increased 
or  decreased  at  a  fixed  rate  of  4  dB  per  second,  as  determined  by  the 
position  of  the  operator's  hand-held  switch.  A  block  of  trials  was  can- 
prised  of  ten  ascending  and  ten  descending  responses  at  a  given  spatial 
frequency.  During  a  trial  block,  if  a  pattern  on  the  screen  was  not  de¬ 
tectable,  the  switch  was  held  in  one  position  vxitil  the  grating  was  just 
barely  visible  (ascending) ,  at  which  point  the  operator  abrubtly  changed 
the  switch  direction  until  the  grating  seemed  to  disappear  (descending) . 

The  Optronix  microoaiputer  recorded  a  contrast  threshold  measurement 
whenever  a  change  in  switch  position  (threshold  decision)  occurred. 

An  experimental  session  was  divided  into  five  aeries  of  trial  blocks, 
with  a  rest  period  between  each  aeries.  Within  a  series,  the  seven  pro- 
granmad  spatial  frequencies  were  a&ninistered  in  order  (0.5  to  22.8  cycles 
per  degree) .  A  total  of  50  ascending  measures  and  50  descending  measures 
for  each  of  the  seven  spatial  frequencies  wes  obtained  from  each  operator. 

B.  Results  and  Discussion.  Figure  1  presents  log  threshold  contrast 
sensitivity  as  a  function  of  log  spatial  frequency,  in  cycles  per  degree. 
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Figure  1.  Contrast  sensitivity  functions  for  the  Bekesy  Tracking  method 


for  tha  Brtwy  Tracking  method.  Each  operator's  data  are  plotted  sspara- 
tely  (50  measures  per  data  point) ,  and  the  data  means  are  pooled  in  the 
lower-right  panel  (150  maasuree  per  data  point) .  The  top  function  in  each 
panel  (dashed  line)  is  for  the  descending  trials  (decreasing  contrast) , 
and  the  bottom  function  (solid  line)  is  for  the  ascending  trials  (increas¬ 
ing  contrast) .  The  data  form  contrast  sensitivity  functions  (CSFs)  across 
the  seven  spatial  frequencies  (0.5,  1.0,  2.0,  4.0,  8.0,  11.4,  and  22.8 
cycles  par  degree)  that  are  plotted  on  the  logarittaic  abscissa. 

At  least  three  conclusions  may  be  drawn  from  the  data  shown  in  Figure 
1.  First,  the  CSFs  reveal  tha  characteristic  invertad-U  Shape  found  in 
previous  research.3,4  This  indicates  that  tha  resolving  power  of  the 
visual  system  is  best  at  intermediate  frequencies  (2-8  cycles  par  degree) 
and  progressively  less  keen  at  relatively  ssttrmne  frequencies  (0.5  and 
22.8  cycles  per  degree) .  Second,  the  CSFs  for  the  descending  trials 
suggest  considerably  greater  contrast  sensitivity  than  those  for  tha 
ascending  trials.  This  difference  was  also  noted  by  Ginaburg  and  Cannon,3 
and  is  probably  attributable  tb  the  exaggerated  response  bias  that  occurs 
whan  descending  trials  are  coupled  with  ascending  trials,  as  required  by 
the  Bekesy  Tracking  procedure.  This  particular  consideration  will  be 
evaluated  subsequently  more  fully.  Finally,  the  CSFs  are  both  uniform 
and  consistent  across  the  three  operators.  However,  this  observation  is 
based  on  graphic  presentation  of  mean  values,  and  deserves  further  evalua¬ 
tion  baaed  on  the  assessment  of  variability  as  well. 

Figure  2  provides  a  detailed  presentation  of  tha  same  data  that  are 
shown  in  Figure  1.  The  data  are  now  plotted  as  histograms  (bin  widths 
of  0.1  log  sensitivity) ,  with  proportion  of  threshold  detections  on  tha 
ordinate  as  a  function  of  log  threshold  contrast  sensitivity  on  the 


nation  about  tba  actual  poaitiona  of  individual  spatial  frequency  distri¬ 
butions  on  the  contrast  aansitivity  axis#  it  does  not  sacrifice  vital 
infoonation  about  the  nature  of  log  sensitivity  as  a  continuous  random 
variable.  His  outcome  is  shewn  in  Figure  3,  which  has  the  sane  axes  and 
bin  widths  as  in  Figure  2.  Dais,  sad)  operator's  ascending  and  descending 
distribution  in  Figure  3  is  osyrised  of  350  measures,  and  the  pooled  data 
of  all  three  operators  (lower-right  panel)  includes  1,050  measures  per 
distribution. 

In  general,  the  ascending  and  descending  histograms  displayed  in 
Figure  3  are  most  likely  fran  the  same  Pearson  "family”  of  distributions, 
that  is,  both  distributions  appear  gamma  in  farm;  i.e. ,  their  means, 
standard  deviations,  and  positive  skewness  are  correlated,  these  prop¬ 
erties  suggest  that  both  distributions  were  generated  by  cannon  under¬ 
lying  processes  that  almost  certainly  have  to  do  with  the  Bekesy  tracking 
procedure  far  obtaining  contrast  sensitivity  thresholds.  Bit  it  is  equally 
apparent  that  when  descending  thresholds  are  obtained,  one  or  more  of  the 
component  processes  is  behaving  quite  differently  (larger  mean,  variance, 
and  skewness) ,  or  perhaps  another  process  emerges  in  addition  to  those 
required  for  ascending  threshold  estimations.  In  short,  the  shapes  of  the 
histograms  in  Figure  3  pointed  to  the  feasibility  of  a  deconvolution  pro¬ 
cedure  which  could  reveal  additional  infocmation  about  the  processes  that 
underlie  contrast  sensitivity  distributions. 

C.  Distributional  Analysis.  The  next  step  in  this  investigation  %«s 
to  identify  and  separate  the  oerpenent  processes  that  characterise  the 
difference  between  the  ascending  and  thB  descending  distributions  shown 
in  Figure  3.  The  convolution  method  employed  for  this  task  was  the  Z 
transform  method8  which  is  often  associated  with  linear  systems  identifi- 


The  difference  model  that  ie  ehown  in  the  middle  panel  of  Figure  4 
is  exponential  in  form.  An  exponential  model  of  the  ccmponent  process 
which  separates  the  descending  distribution  fran  the  ascending  distribu¬ 


tion  implies  that  this  underlying  event  operates  much  like  a  constant, 
conditional  probability  mechanism.  Although  this  model  is  sharply  bounded 
fran  below,  the  plotted  location  of  this  lower  bound  (1.0  log  unit)  on  the 
contrast  sensitivity  axis  is  arbitrary,  since  the  distributions  from  which  it 
was  derived  were  adjusted  to  a  txrrrocn  1.0  origin.  The  exponential  farm 

v 

of  this  model,  however,  suggests  a  process  that  generates  increasingly 
larger  contrast  sensitivity  measures  over  a  range  of  about  2.0  log  sensi¬ 
tivity  units.  Moreover,  the  conditional  probability  that  this  process  will 
influence  the  contrast  threshold  measures  in  the  descending  aeries  becomes 
progressively  lower  according  to  a  fixed  proahility  rule.  Finally,  an 
exponential  model  provides  a  description  of  a  single  underlying  event  or 
process.  As  applied  to  the  present  analysis,  this  means  that  the  higher 
and  more  variable  contrast  sensitivity  thresholds  in  the  descending  series 
may  be  attributable  to  one  categorical  process. 

IV.  EXPERIMENT  2 

The  purpose  of  the  second  experiment  was  to  obtain  contrast  threshold 
data  for  the  method  of  increasing  contrast  and  the  method  of  adjustment. 

The  goal  was  to  oarpare  these  results  with  those  obtained  from  the  Bekesy 
Tracking  procedure,  as  was  reported  in  Experiment  1. 

A.  Method.  The  operators  were  three  Research  Psychologists  enployed 
at  the  Human  Resources  laboratory,  Williams  AFB,  Arizona.  All  had  normal 
or  fully-cxarr acted  vision.  EK,  the  principal  investigator,  was  43;  a 
graduate  student,  MI,  was  24;  and  a  colleague,  FN,  was  34  years  old.  The 
three  operators  were  familiar  with  the  research  aims  and  had  extensive 

33-16 


>  .**  -- 


experience  with  psychophysical  methodology.  The  apparatus  and  general 
prooedures  were  the  sane  as  in  Experiment  1,  except  that  only  six  spatial 
frequencies  were  utilized  (0.5,  1.0,  3.0,  6.0,  11.4,  and  22.8  cycles  per 
degree) . 

The  method  of  increasing  contrast  was  utilized  in  the  first  experi¬ 
mental  session.  This  method  is  essentially  the  sane  as  the  ascending 
series  part  of  Bekesy  Tracking,  except  that  no  descending  series  are  in¬ 
cluded.  Briefly,  the  contrast  increased  at  a  fixed  rate  of  4  dB  per 
second  from  below  threshold  to  where  the  operator  ocxild  first  detect  the 
presence  of  the  test  grating.  The  time  between  each  threshold  detection 
and  the  onset  of  the  next  trial  was  varied  to  discourage  the  operator 
from  guessing  the  contrast  threshold  based  on  a  fixed  time  interval  fxan 
the  last  detection.  The  operator  depressed  a  switch  when  the  grating  cn 
the  screen  was  just  barely  detectable.  A  block  of  trials  consisted  of  10 
increasing  presentations  at  each  of  the  six  spatial  frequencies.  There 
was  a  rest  period  at  the  end  of  each  series  of  six  trial  blocks.  As 
before,  an  experimental  session  was  comprised  of  five  series  of  trial 
blocks  (six  series  far  DK) ,  yielding  a  total  of  50  measures  far  each  of 
the  six  spatial  frequencies  (60  for  EK) . 

The  method  of  adjustment  was  arployed  in  a  subsequent  experimental 
session.  The  operator  was  given  a  hand-held  switch  with  an  adjustable 
knob  that  allowed  him  to  either  increase  or  decrease  the  oontrast  between 
the  dark  bars  and  the  light  bars  on  the  screen  until  he  could  just  barely 
detect  the  presence  of  the  grating.  The  operator  was  instructed  to  turn 
the  knob  as  far  as  it  would  go  below  the  threshold  before  a  trial  began. 
He  then  increased  the  contrast  and  "bracketed"  the  threshold  point,  using 
as  much  time  as  was  needed  to  achieve  the  desired  setting.  The  operator 


then  depressed  a  button  which  stored  the  desired  value  in  the  microcomputer 
and  reset  the  contrast  on  the  screen  to  zero.  All  three  operators  reported 
making  their  threshold  decisions  quite  rapidly,  at  a  rate  of  about  one 
every  five  seconds  for  the  middle  frequencies,  but  somewhat  less  rapidly 
at  the  extreme  frequencies  where  threshold  decisions  seemed  more  difficult. 
As  before,  RN  and  Ml  generated  50  measures  at  each  frequency,  and  OK  recor¬ 
ded  60  values. 

B.  Results  and  Discussion.  Figure  5  shows  the  mean  threshold  values, 

v 

plotted  in  the  same  manner  as  in  Figure  1.  Because  of  the  obvious  simi¬ 
larity  of  the  CSFs  for  each  individual,  the  data  were  collapsed  across 
operators,  thus  yielding  160  measures  in  each  CSF  data  point  for  the  ad- 
justment  method  and  increasing  contrast  method.  The  third  CSF  in  Figure 
5,  labeled  "Bekesy  ascending  trials,"  is  the  same  as  the  one  in  the  lower- 
right  panel  of  Figure  1.  This  latter  CSF  is  oarposed  of  data  points  with 
150  measures,  and  is  presented  far  comparison  with  the  two  CSFs  obtained 
in  the  present  experiment. 

The  most  ocnpelling  feature  of  Figure  5  is  the  overall  similarity  of 
the  CSFs  for  the  three  methods  shewn.  This  similarity  is  somewhat  surpris¬ 
ing  when  one  considers  that  each  CSF  was  oarposed  of  data  taken  fran  only 
three  operators,  and  indeed,  a  separate  trio  of  operators  in  the  Bekesy 
ascending  trials.  These  results  suggest  at  least  three  important  conclu¬ 
sions.  First,  the  three  different  psychophysical  methods  generated  such 
similar  CSFs  that  one's  confidence  in  the  validity  of  these  measures  is 
inproved  considerably.  Second,  the  elevated  CSF  for  the  Bekesy  descending 
trials  in  Experiment  1  is  probably  based  on  properties  of  the  method  itself 
rather  than  "true"  differences  in  contrast  sensitivity.  That  is,  the 
descending  trials  appear  to  be  the  "outliers"  relative  to  three  other 
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procedures.  Finally,  It  near  seems  poaslble  that  npraswtative  GSFa  can 
be  generated  frees  relatively  few  operators,  at  least  if  these  individuals 
are  familiarized  with  the  testing  procedures  and  can  generate  a  reasonably 
large  sample  of  contrast  threshold  measures  at  each  spatial  frequency. 

Figure  6  provides  a  ccnpariacn  of  the  distributions  of  data  for  the 
ease  three  methods  that  are  depicted  in  Figure  5.  The  threshold  values 
were  adjusted  to  the  1.0  origin  on  the  log  sensitivity  axis,  just  as  they 
were  in  Experiment  1,  Figure  3.  The  distribution  composed  of  Behesy  as- 
pending  trials  (1,050  measures)  is  the  same  as  the  one  plotted  in  the  lower 
right  panel  in  Figure  3,  and  in  the  top  panel  of  Figure  4.  Each  of  the 
distributions  far  the  increasing  contrast  method  and  the  adjustment  method 
contain  960  values.  The  similarities  between  the  general  forme  of  the 
distributions  shown  in  Figures  3  and  6  are  quite  apparent. 

The  results  shown  in  Figure  6  lead  to  seme  important  conclusions. 
First,  all  three  distributions  are  ganma  in  form,  with  characteristic 
positive  skewness.  As  noted  previously,  this  implies  that  the  processes 
or  events  which  underlie  each  distribution  are  similar  for  the  three 
psychophysical  methods,  as  one  might  expect.  Second,  the  Bekasy  ascending 
trials  and  the  adjustment  method  produced  distributions  that  are  similar 
in  form,  whereas  the  distribution  of  increasing  contrast  measures  is  more 
peaked,  less  variable,  and  less  skewed.  By  implication,  the  perceptual 
and  response  processes  which  characterize  the  Bekesy  ascending  measures 
and  the  method  of  adjustment  values  should  be  similar,  whereas  the  selec¬ 
tive  influence  of  at  least  one  of  these  two  processes  on  the  threshold 
decisions  obtained  from  the  increasing  contrast  method  should  be  reduced. 
Finally,  if  one  accepts  the  view  that  a  distribution  of  measures  with 
the  lowest  possible  variability  is  the  most  desirable  in  terms  of  measure- 


mental  precisian,  the  method  of  increasing  contrast  could  serve  as  the 
most  predictive  method  far  determining  contrast  sensitivity  skills,  indeed, 
Ginsburg  and  Caiman^  offered  this  conclusion  far  reasons  quite  similar  to 
thoae  presented  in  this  report. 

V.  GBjERRL  DISCUSSION 

In  1963,  McGill15  proposed  that  the  form  of  some  distributions  would 

provide  a  kind  of  "signature”  that  reflects  the  nature  of  the  processes 

that  comprised  these  distributions.  Since  then,  a  number  of  investigators 

% 

have  demonstrated  that  simple  reaction  time  is  the  convolution  of  two  main 
ocnponents:  sensory  detection  and  response  execution.  present 

analysis  of  contrast  sensitivity  thresholds  was  influenced  by  this  previous 
reaction  time  work  in  two  important  ways.  First,  the  linear  systems  iden¬ 
tification,  and  the  associated  Z  transform  method  of  convolution  aqployed 
by  Kohfeld,  provided  the  analytic  framework  for  deocnposing  the  distribu¬ 
tions  of  contrast  sensitivity  measures.  Second,  the  reaction  time  process 
is  sometimes  discussed  in  terms  of  a  response  threshold  that  triggers  the 
reaction;  this  is  conceptually  similar  to  the  idea  of  the  decision  threshold 
that  is  determined  with  contrast  sensitivity  measures.  In  this  vein,  one 
can  explore  the  parallels  between  the  two  reaction  time  stages,  sensory 
detection  and  response  execution,  and  the  corresponding  two  stages  in 
contrast  sensitivity  decisions. 

The  theory  of  signal  detectability  (1SD)  provides  one  way  to  concep¬ 
tualize  the  behavior  of  individuals  in  both  reaction  time  and  contrast 
sensitivity  tasks.  According  to  TSD,  the  operator  is  both  a  sensor  and 
a  decision  maker,  and  therefore,  the  evaluation  of  threshold  measurements 
would  require  an  independent  assesanent  of  the  operator's  sensory  sensi¬ 
tivity,  d' ,  and  response  criterion,  5.18'19  TSD  assumes  further  that  d' 
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and  0  axe  independent  aspects  of  task  performance,  and  are  selectively 
influenced  by  different  factors.  With  respect  to  contrast  sensitivity, 
the  visual  contrast  at  the  video  screen  determines  d' ,  whereas  0  is  charac¬ 
terized  by  the  operator's  strategy  in  responding  to  task  demands.  As  such, 
the  logic  of  TSD  may  prove  useful  in  describing  the  forms  of  the  distri¬ 
butions  of  threshold  contrast  sensitivity.  Because  of  the  nature  of  this 
threshold  task,  one  can  suppose  that  these  distributions  reflect  the  be¬ 
havior  of  both  sensory  mechanisms  (d')  and  a  response  process  (0) .  In 
other  words,  the  distributions  shown  in  Figures  2,  3,  and  6  are  a  oenpoeite 
of  at  least  two  oenponant  densities,  d'  and  0,  each  of  which  is  an  inde¬ 
pendent  random  variable. 

It  should  be  noted  that  no  prior  predictions  were  made  about  the  shapes 
of  the  distributions  actually  obtained  in  tide  research.  That  is,  no  theore¬ 
tical  formulation  dictated  that  particular  forms  of  histograms  should  be 
generated,  e.g. ,  exponential,  ganna,  or  normal.  Ihus,  when  the  convolution 
method  resulted  in  a  model  that  was  exponential  in  form  (middle  panel  of 
Figure  4) ,  no  a  priori  logic  suggested  that  this  model  was  part  of  the 
sensory  oanponent  (d* ) ,  the  response  oenponent  (0) ,  or  perhaps  a  third 
oenponent  altogether.  However,  both  TSD  logic  and  oernnon  intuition  provide 
guidance  in  this  matter.  When  one  serves  as  an  operator  in  the  descending 
series  part  of  the  Bekesy  Tracking  task,  it  is  at  once  apparent  that  de¬ 
ciding  when  the  grating  has  disappeared  is  considerably  more  difficult 
than  then  ascending  threshold  decisions  are  required.  Hie  consensus  of 
the  operators  can  be  offered  in  the  quote:  "I  held  the  switch  down  until 
I  was  sure  that  the  bars  were  gone."  This  sounds  very  much  like  response 
bias,  or  in  TSD  terminology,  the  operators  adopted  a  more  lenient  criterion 
in  the  descending  trials,  thus  yielding  inflated  contrast  thresholds. 


These  considerations  laid  on*  to  conclude  that  deconvolving  the  as¬ 
cending  distribution  fran  the  descending  distribution  resulted  in  a  dif¬ 
ference  model  that  reflects  a  response  bias  component.  As  noted  previously, 
its  esqponential  form  implies  that  it  represents  a  single  prooess  or  cate¬ 
gorical  event.  This  interpretation  does  not  isply  that  the  asoending  trials 
are  free  of  response  bias;  rather,  it  supports  the  view  that  descending 
thresholds  are  influenced  by  at  least  two  sources  of  undesired  response 
bias.  The  separation  of  the  d'  and  t  oatponents  fran  the  distributions 
generated  with  Bekesy  asoending  trials,  the  method  of  adjustment,  and  the 
preferred  method  of  increasing  contrast  (see  Figure  6)  is  a  matter  far 
future  research. 

VI.  BEOOMCmftTIOWS 

The  main  goal  of  this  investigation  was  to  determine  the  psychophysical 
procedure  and  data  analytic  method  that  will  provide  the  most  valid  measure 
of  contrast  sensitivity.  The  results  suggest  that  the  method  of  increasing 
contrast,  ootpled  with  the  analysis  of  the  farms  of  response  distributions, 
is  the  recommended  procedure  for  assessment  of  "pure"  contrast  sensitivity. 
An  Important  implication  is  that  the  resulting  measures  will  serve  as  a 
better  predictor  of  the  contrast  sensitivity  required  in  other  tasks,  such 
as  performance  in  a  visual  simulator,  in  which  precise  visual  resolution 
is  essential.  That  is,  whan  response  bias  is  either  reduced  or  analytically 
removed  from  contrast  sensitivity  measures,  better  prediction  should  result, 
primarily  because  the  response  bias  in  a  specific  predictor  task  (e.g. , 
threshold  determinations)  will  not  necessarily  correlate  with  the  unique 
response  bias  in  a  different  criterion  task  (e.g. ,  identifying  objects 
during  simulated  flight) .  Accordingly,  two  related  lines  of  research  are 
reoaimended  at  this  juncture,  one  of  which  would  deal  with  further 


been  node  in  estimating  the  hazard  functions  of  the  three  distributions 


shown  in  Figure  6.  While  discussion  of  this  work  is  beyond  the  scope  of 
the  report,  it  should  be  noted  that  all  three  distributions  can  be  decom¬ 
posed  further  by  determining  the  farm  of  their  hazard  functions.  17»20«21,22 
These  results  suggest  that  all  three  distributions  in  Figure  6  represent 
the  convolution  of  sensory  and  response  components  whose  separate  dis¬ 
tributional  forms  can  be  estimated. 

2.  Bcperimental  manipulation  of  task  ccnponsnts.  Established 
experimental  procedures  are  available  for  selective  experimental  mani¬ 
pulation  of  the  response  bias  aonponent  in  measures  of  contrast  sensitivity. 
The  goal  would  be  to  provide  empirical  verification  of  the  selective  in¬ 
fluences  of  sensory  sensitivity  (d1)  and  response  bias  (0)  on  these 
measures,  which  thus  far  in  this  investigation  has  bsan  a  matter  of  mathe¬ 
matical  inference  only. 

3.  Contrast  discrimination  thresholds.  Almost  all  of  the  previous 


was.  On  the  other  hand,  discrimination  is  the  acre  complicated  process  of 
identifying  exactly  what  did  appear,  disappear,  or  change.  Realistically, 
if  a  fighter  pilot  first  detects  something,  subsequent  identification  of 
what  it  was  (e.g. ,  a  "friendly  aircraft”  and  not  an  "enmny  fighter")  may 
likely  be  the  behavior  one  seeks  to  predict.  In  this  vein,  I  have  de¬ 
signed  a  series  of  experiments  in  which  the  operator's  task  would  be  to 
identify  the  particular  visual  frequency  (number  of  vertical  bars)  as  well 
as  performing  the  preceding  task  of  merely  detecting  that  something  had 
appeared  on  the  video  display. 

B.  Predicting  Simulated  Flight.  An  important  rose  arch  interest  of 
Marc  W.  Hunter,  who  was  assigned  to  this  project  as  pert  of  the  GSSSP, 
was  to  explore  the  possibility  that  an  operator's  CSF  could  be  used  to 
predict  the  criterion  skill  of  detecting  and  identifying  objects  during 
simulated  flight.  Previous  research  has  shown  that  there  is  usually  only 
moderate  variation  among  different  individuals'  sensitivity  to  relatively 
high  spatial  frequency  patterns  (e.g. ,  22.8  cycles  per  degree) .  However, 
there  are  sometimes  considerable  individual  differences  in  the  low  frequency 
range  (e.g.,  0.5  cycles  per  degree).  It  is  to  be  noted  that  fog,  haze, 
dust,  and  cloud  cover  has  the  effect  of  changing  the  spatial  frequency  of 
an  object  when  introduced  between  acme  viewer  and  the  object.  Specifically, 
a  haze  or  particulate  will  lower  the  spatial  frequency  of  the  object,  having 
the  effect  of  a  "blurring”  or  spreading  of  the  edges  of  the  object  by 
means  of  e  property  called  atmospheric  attenuation.  Thus,  for  example,  a  pilot 
approaching  seme  group  of  targets  (e.g. ,  aircraft)  in  a  fog  or  light  mist 
will  usually  first  detect  a  group  of  maasan  that  are  nearly  elliptical  in 
shape,  rather  then  perceiving  than  immediately  as  aircraft.  If  attenuation 
had  not  occurred  the  target  aircraft  would  have  appeared  as  being  an  object 


having  relatively  high  spatial  frequency,  with  crisper  lines  showing  more 
detail.  Obviously,  target  aircraft  will  always  be  identified  more  quickly 
and  accurately  in  a  relatively  clear  atmosphere  in  which  visual  detail  is 
keenest. 

If  contrast  sensitivity  measures  had  revealed  significant  differences 
in  sensitivity  to  lower,  and  cn  occasion  middle  and  vpper  spatial  frequen¬ 
cies,  it  seems  reasonable  to  assure  that  targets  consisting  of  these  fre¬ 
quencies  would  be  detected  and  identified  at  differing  distances.  That 
is,  those  pilots  with  relative  insensitivity  to  low  spatial  frequency 
patterns  may  require  more  time  to  detect  targets  oenposed  of  those  low 
frequencies  than  those  pilots  shown  to  possess  greater  sensitivity  in  that 
specific  frequency  range.  Obviously,  the  benefits  of  rapid  and  accurate 
target  detection  and  identification  are  clear  with  respect  to  tactical 
air  missions.  Whether  or  not  performance  in  a  simulated  environment  would 
generalize  to  real-world  envinxments  is  also  a  matter  for  further  research. 

Based  on  these  considerations,  Mr.  Hunter  explored  the  feasibility 
of  a  study  to  be  performed  at  the  Hunan  Resources  Laboratory  on  one  of  the 
aircraft  simulation  systems  available  there.  It  was  determined  that  (a) 
the  visual  system  currently  used  on  the  Advanced  Simulator  for  Pilot 
Training  (ASPT)  has  a  setting  regarded  as  "fog."  However,  this  procedure 
merely  changes  the  contrast  of  the  scene  produced.  Since  contrast  change 
does  not  constitute  spatial  frequency  change,  it  seems  that  the  "fog" 
setting  does  not  adequately  simulate  real  fog  effects  precisely  enough  to 
manipulate  it  as  the  independent  variable  of  primary  interest:  and  (b) 
the  Digital  image  Generation  System  (DIGS)  presently  does  not  have  the 
capability  to  produce  atmospheric  attenuation,  and  the  necessary  hardware 
and  software  changes  were  economically  infeasible  for  a  simmer  pilot  study. 
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Iter*  is  sene  indication  ttw.c  the  Hunan  nseourosa  Laboratory  is 
attempting  to  implement  a  visual  system  that  could  produce  the  necessary 
images  for  our  recarmended  research.  Even  if  this  visual  system  did 
not  all£M  for  "flight"  into  the  eoene,  the  procurement  of  this  system 
would  allow  research  that  mould  prove  useful  in  determining  the  pre¬ 
dictive  relationship  between  contrast  sensitivity  functions  and  the  de¬ 
tection  of  spatial  frequency  changes  during  simulated  flight. 
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ABSTRACT 

The  purpose  of  this  review  was  to  explore  individual  and  group 
dynasics  underlying  the  neasoreaent  and  feedback  processes 
enployed  by  the  Leadership  and  Management  Developaeat  Center's 
consulting  service.  Factors  exanined  were  dinate,  task  design, 
and  cosbat  readiness.  Findings  suggest  that  additional  under¬ 
standing  of  the  processes  nay  be  gained  by  considering  individual 
and  group  influences  independently,  and  that  aggregating  individ¬ 
ual,  perceptually  seesured  factors  to  group  level  constructs  nay 
not  always  be  justified.  Becosaendations  were  Bade  concerning 
factor  ueasuresent,  through  the  Organizational  Assessaeat  Package 
(OAP) ,  and  feedback  of  each  of  the  enu aerated  factors. 
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Sail*  lad  Ofejittiiis  at  iht  UU£ 

A  priaary  task  of  the  Leadarship  and  Banageaent  oevelopaent 
Caatar  (LHOC)  is  to  sapply  aanagsaant  consultant  services  to 
Oaitad  Statas  iir  Korea  Organizations.  Thasa  services  are 
dasignad  to  iaprove  leadarship  and  aaaagaaaat  skills  of  Air  Korea 
parsonnal  and  enhanca  coabat  readiness  through  increased  aotiva- 
tion  and  productivity. * 

This  is  accoaplished  through  visits  by  the  LBOC  consultant 
taaas.  the  principle  assassaant  device  eaployed  is  a  survey 
known  as  the  Organizational  Assassaant  Package  (OAP) .  The  survey 
assesses  perceptions  of  individuals  on  work-related  variables, 
such  as;  organizational  cliaate,  work  characteristics,  supervi¬ 
sory  characteristics,  and  job  satisfaction.  A  revision  of  the 
oap,  the  Organizational  Assassaant  survey  (OAS) ,  will  aeasure 
siailar  areas  as  wall  as  stress  and  coabat  readiness. 

After  the  assassaant  of  these  areas,  feedback  is  given  to 
supervisors  at  all  levels  of  the  organization  concerning  how 
their  units  coapare  with  a  saaple  of  siailar  units  contained  in 
the  LBOC  database.  Pros  these  coaparisons,  consultants  select 
units  which  could  benefit  froa  consulting  interventions  involving 
techniques  tailored  to  the  the  units*  needs.  Horkshops  aay  be 
scheduled  if  enough  supervisors  deaonstrate  a  particular  need. 


Tli«  socray  feedback  technique  of  organizational  change  was 
introduced  by  Bass  and  his  associates. *, *  Th*  thro*  basic  coapo- 
noats  of  survey  food back  interventions  ara  data  collection,  group 
aeetings,  aad  process  analysis.  Th*  anigoa  role  of  each  co epo¬ 
ses  t  is  now  briefly  discassad. 

Oats  Collection.  sarvay  feedback  data  usually  deal 
with  orgaaizatioaal  issues  sach  as  groap  relations, 
supervision,  organizational  policy,  eaploye*  satisfac¬ 
tion,  and  perforaance.  Znforaatioa  derived  is  aostly 
attitadinal  and  is  used  to  corroborate  or  discoafira 
the  client* s  beliefs  about  the  state  of  th*  organiza¬ 
tion,  thereby  unfreezing  attitudes  and  encouraging 
inquiry  concerning  results  froa  th*  data.  A  key  in 
naking  survey  feedback  a  powerful  change  tool  is  th* 
relevancy  of  the  inf oraatioa.*  Bore  relevant  iaforsa- 
tion  increases  the  likelihood  that  organizational  eea- 
bers  will  coanit  theaselves  to  ssbsegneat  change. 

Groqp  fleeting#.  The  iaportaac*  of  group  aeetings  in 
survey-feedback  was  deaoastrated  by  Klein  and  his  asso¬ 
ciates.*  They  found  that  aeetings,  as  opposed  to  writ¬ 
ten  reports,  resulted  in  aors  satisfaction  with  feed¬ 
back  processes  and  perceptions  of  greater  inforaatioa 
utilization.  Direct  involveaent  of  the  faaily  work 
group  aeabers  (i.e.  people  who  interact  frequently  and 
oftea  perfora  related  work)  was  shown  to  enhance 


tka  Mia  goal  of  this  ntiti  la  to  advance  recoaaeadatioas 
to  the  LB DC  that  will  aid  la  in proving  thair  consulting  services. 
To  accoapliah  this  goal  individual  and  gronp  dyaaaics  underlying 
tha  aaaaacaaant  aad  faadback  procoaaoa  are  gaaa rally  diacaaaad. 
Specifically  exaained  ara  cliaate,  taak  design,  aad  coahat  readi- 
naaa  factora  of  tha  OAF/O IS  survey.  By  viewing  individual  and 


group  dynaaica  of  thoaa  factora,  a  aora  conprahaaaii 


itand- 


iag  of  tha  underlying  iaanas  of  aoaauraaaat  and  feedback  pro¬ 
cesses  sill  be  gained. 

■hen  warranted,  a  au lti- level  perspective  ia  used  to  attain 
insight  into  issues  concerning  individual  and  group  dynaaica. 
Basically  this  perspective  states  that  attitudes  and  behaviors 
can,  in  sons  instances,  be  best  explained  fros  both  individual 
and  group  levels  of  neasurenent.  Benefits  of  this  approach  are 
an  iaproved  specification  of  relationships  aaong  variables,  and 
an  increased  generalization  of  cause  and  effect  relationships  by 
specifying  sore  than  one  level  of  cause. 10 

iu>UBUum  iu  fiisu  fiiuaifi  si  Qisiimmm  suiss 

la  advancing  aodels  of  behavior,  organizational  theorists 
have  long  acknowledged  that  the  needs  of  the  group  aad  of  the 
individual  interact. »»,»*  it  is  inportant,  therefore,  to  consider 
individual  behavior  as  possibly  being  influenced  b/  individual 
and  group  needs.  "The  sore  we  can  find  out  of  the  effect  of  one 
on  the  other  (individual  and  group),  the  better  we  can  understand 
the  behavior  of  the  individual  ". »* 
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Organisational  change  theory  a pacific a  kov  altered  inputs, 
internal  developneats,  or  various  contestaal  changes  Mill  influ¬ 
ence  the  systea  aader  study, »*  Basically,  organizational  change 
can  operate  in  one  of  three  aannersi  individual  approaches  to 
organisational  change,  group  approaches  to  organisational  change, 
and  direct  change  of  organizational  variables.  Since  the  latter 
aethod  involves  nanipulation  of  the  role  structure  in  the  organi¬ 
zation,  due  to  practical  considerations  of  the  Sir  Force,  only 
the  first  two  will  be  discussed. 

Changing  the  organization  solely  through  its  individual  aea- 
bers  generally  has  not  been  successful.  This  failure  steas  froa 
a  disregard  of  the  systeaatic  properties  of  organisations. The 
basic  problea  lies  in  the  lack  of  precise  concepts  for  distin¬ 
guishing  between  behavior  deterained  by  situational  constructs  of 
the  organization  and  behavior  deterained  fron  individual  person¬ 
ality  needs  and  constructs.  Katz  and  Kahn**  note  that  to  effect 
organizational  change  froa  an  individual  focus,  it  aust  be 
assuaed  that  individuals  can  be  provided  with  new  insight,  that 
the  insights  gained  will  cause  altered  behaviors,  and  that  the 
insights  will  persist  upon  return  to  the  job. 

The  second,  and  seeaingly  sore  fruitful  approach  to  organi¬ 
sational  change  involves  the  use  of  the  group  as  a  aeans  of 
increasing  learning  and  heightening  cosnitaent  to  things  learned. 
Kurt  lew in  and  his  followers  first  denonstrated  the  utility  of 
group  aethods  in  nodifying  individual  behavior.  They  found  sub¬ 
ordinate  participation  via  a  group  was  superior  in  enhancing 


organizational  ckaaga  when  coapared  to  change  initiated  Hit  tout 
groap  participation.* *  Ono  additional  point  a— da  to  ba  espha- 
sizad  in  ralaticn  to  group  change.  Baxiaal  group  involveaent 
will  occur  only  whan  dacisiona  in  which  aubordinataa  participate, 
hava  a  diract  inflaanca  on  thair  work.**  For  exaaple,  soliciting 
rank  and  fila  sobordinata  inpat  on  appar  level  financial  daci- 
sions  would  probably  not  facilitata  group  cbanga. 

IT. CLIMATE 

CiStiflcUca  AfllltA  IfljJilidflAl  A4d  Organizational  fiiiid A# 

Several  organisational  rasaarchars  hava  found  it  usaful  to 
distinguish  batwaan  individual  and  organizational  cli- 
nata. *♦,**,*•  Individual  cliaata  rafars  to  dascriptions  of  organ¬ 
izational  practicas  and  procaduras  froa  a  sing la  aaaoar's  point 
of  viaw.  organizational  cliaata  rafars  to  a  collective  descrip¬ 
tion  of  the  organization* s  environaant,  aost  often  assessed 
through  an  averaging  of  organizational  aeaber*s  perceptions. 

CUlAil  Ad  ftuisai  Ax  tfct  QAE/9AS 

The  oap  separates  cliaata  into  two  subfactors:  organizational 
Coanunications  Cliaata,  the  degree  to  which  a  worker  perceives 
the  coaaunication  environaant  as  open  and  richj  and  cenaral 
Organisational  Cliaata,  an  individual's  perception  of  the  overall 
organisational  environaant. »T  These  definitions  are  given  at  the 
beginning  of  the  cliaata  section  to  aid  the  reader  in  understand- 


1*4  how  the  iMMtck  to  bo  presented  applies  to  QAP/OAS  clisate 

aoaaocoaost. 

ItHUflftlUP  is  SllilihCliM  l&d 

Past  research  has  deaonstrated  relationships  between  cliaato 
and  sack  variables  as  satisfaction  aad  perf or nance.**  Given  tks 
apparoat  significanco  of  cliaato  with  respect  to  job  satisfaction 
aad  perforaaace,  it  would  seen  ieportant  to  ideatif y  the  deterai- 
nants  of  cliaato.  lith  knowledge  of  these  deterainaats,  it  wonld 
becose  feasible  to  initiate  organisational  changes  leading  to  a 
better  cliaato.  the  aeaniagfalness  of  the  level  at  which  these 
factors  are  seasared  aast  first  be  assessed  to  aaderstand  these 
relationships. 

SliuUfliil  aid  diiuilflulrlidixidsal  Aspcfiicki*  ta  cUiaia 

it  the  individual  level  of  aeasareaent,  cliaato  is  reflected 
by  individual  perceptions  of  the  work  eaviroBaent.  Past  research 
has  supported  two  approaches  ia  specifying  the  sources  of  cliaato 
perceptions,  the  first  approach  espha sixes  the  situational  char¬ 
acteristics  of  the  organisation  (e.g.  size ,  span  of  control)  ia 
influencing  cliaato  perceptions.  Pros  this  perspective,  clisate 
should  change  as  the  characteristics  of  the  organisation  change 
froa  setting  to  setting.** 

It  has  also  been  postulated  that  clisate  perceptions  are 
reflected  ia  individual  differences  in  perception,  as  well  as  the 
characteristics  of  the  situation.**  this  point  has  been  aaply 


uppoittd  by  stadias  showing  that  c  Hosts  psrcsptioos  wit  hi  a  an 
ocgaaisation  rsflsct  differences  in  personality  attributss  and 
ability,**,**  as  well  as  ag«,  race,  and  intelligence.** 

Tbs  situational  approach  to  perceived  clisato  says  it  is 
psrnissiblo  to  aggregate  individual  perceptions,  assusing  that 
iadividaally  neasured  cliaate  is  the  sane  as  organizational  cli¬ 
aate.  That  is,  if  every  individual  in  a  group  is  operating 
within  a  si si la r  setting,  individual  and  organizational  clinates 
should  be  isoaorphic.  On  the  other  hand,  if  individual  cliaate 
perceptions  are  influenced  by  both  individual  and  situational 
paraaeters,  an  organization  containing  nasbers  with  diverse  indi¬ 
vidual  characteristics  would  be  ezpected  to  yield  a  range  of  cli¬ 
aate  perceptions.  In  this  case,  aggregation  of  individual  per¬ 
ceptions  would  be  in  error.  Because  of  the  greater  support  for 
both  situational  and  individual  diaensions  of  individual  cliaate, 
the  influence  of  both  factors  is  considered  in  the  following  dis¬ 
cussion. 

laaiaataliMi  oX  iflaitaaltd  ciiaaXa  Ssacaa 

The  rationale  for  aggregating  individual  cliaate  scores  to 
neasure  organizational  cliaate  rests  on  three  assuaptioas;  indi¬ 
vidual  clinate  scores  describe  perceived  situations;  individuals 
ezposed  to  the  sane  set  of  situational  conditions  will  describe 
these  conditions  in  siailar  ways;  and  aggregation  will  eaphasize 
perceptual  siailarities  and  niniaize  individual  differences.** 
Based  on  this  logic,  eapirically  denonstrating  agreeaent  a song 
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different  individuals  justifies  aggregation  of  perceptual 
scores.*’ 


Researchers  in  this  area  have  generally  adopted  the  group 
eean  in  aggregating  perceptual  cliaate  scores.  Using  the  seas  is 
appropriate  as  long  as  the  point  of  reference  is  the  situation 
and  not  the  individual. »•  In  other  words,  the  scale  iteas  oust  be 
worded  to  elicit  objective  responses  rather  than  subjective  reac¬ 
tions  to  events  or  attributes.  Techniques  used  to  deaonstrate 
interperceiver  agreeaeat  have  stressed  that  significant  aean  dif¬ 
ferences  between  organizations  or  organizational  subgroups  con¬ 
note  that  the  perceptual  scores  reflect  situational  rather  than 
individual  influences.  Unfortunately,  while  this  approach 
appears  logical,  Meaningful  guidelines  have  not  been  developed 
for  deteraining  what  level  of  statistical  agreeaeat  justifies 
aggregation. 

Due  to  the  lack  of  consensus  on  agreeaeat  necessary  to 
aggregate  individual  scores,  this  author  recoaaends  a  construct 
validity  approach  to  validate  aggregate  cliaate  aeasures.  The 
criteria  advanced  by  Jones  and  Janes1*  should  be  deaonstrated 
before  any  inferences  froa  individual  perceptions  to  organiza¬ 
tional  cliaate  are  nade:  first,  significant  differences  across 
different  organizational  subunits  should  exist;  second,  interper¬ 
ceiver  agreeaent  aaong  group  aeabers  deaonstrated  through  intra¬ 
class  correlation  coefficients  should  be  present;  third,  hoaoge- 
neous  situational  characteristics  such  as  context  (i.e. 
technology,  goals),  structure  (i.e.  size,  span  of  control),  and 
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an- 


job  typo  should  bo  sharod  aooag  group  aeabers;  and  fourth  ,  ao 
iagfal  rolationships  botvooa  tho  aggrogato  scoros  and  group  aeas- 
uros  of  satisfaction  and  productivity  should  bo  provon. 

Ispllcatlons 

As  notod  oarlior  in  this  section,  tho  OAP/OAS  divides  c li¬ 
sa  to  into  tuo  subfactors;  Organizational  Co an unications  diaate. 
and  Gonoral  Organizational  Cliaato.  Both  of  those  are  aoasurod  at 
tho  individual  level  of  perception.  Scores  for  worh  groups,  sec¬ 
tions.  branches  and  sguadrons  are  aggregated  within  an  Air  Force 
Bing  to  yield  coaposite  scores.  For  ezaaple.  a  Deputy  coaaander 
will  receive  a  coaposite  score  of  his/  her  depute te  and  a  score 
for  each  sguadron  undor  his/her  cosaand.  Squadron  scores 
received  represent  aggregations  of  branches  and  sections  within 
that  unit. 

The  cliaate  research  reviewed  would  sees  at  odds  with  so ae 
of  the  reporting  procedures  eaployed.  Specifically,  reporting 
aggregated  individual  scores  to  represent  organizational  cliaates 
at  different  levels.  In  a  related  ailitary  study  by  the  O.s. 
lavy.  Jones  and  Janes**  found  aggregation  was  aeaningful  only  at 
a  division  level.  This  is  roughly  equivalent  to  a  section  at  an 
air  base.  Additionally,  in  reporting  that  a  coaposite  squadron 
score  is  aot  significantly  different  froa  the  database  nora  com¬ 
prised  of  siailar  units,  no  normative  inf or nation  about  sections 
and  branches  within  the  squadron  is  obtained.  This  aay  hide 
probleas  froa  higher>l*vel  supervisors  that  are  apparent  to 
supervisors  at  lover  levels  of  coaaand. 

34-13 


It  seeas  iapoctant  to  addre ss  tha  aeaning  of  aggregated 


scores  given  as  feedback  in  tke  consultant  process.  This  issue 
is  relevant  to  any  of  the  perceptual  aeasures  obtained  froa  the 
otp/ohs.  Sxaaining  the  level  of  aggregation  froa  the  construct 
validity  approach  discussed  earlier  would  be  one  way  to  do  this. 
In  order  for  this  technique  to  be  useful,  a  procedure  deaonatrat- 
ing  at  which  hierarchical  level  aeaningful  organizational  cliaate 
exists,  for  each  base  visited,  would  be  required.  Since  each 
base  differs  in  size  and  personnel  aake-up,  a  generalized  level 
across  all  bases  would  not  be  possible. 

ha  alternate  strategy  that  could  be  esployed  to  aid  consult¬ 
ants  in  giving  aeaningful  feedback  to  supervisors  high  in  the 
organizational  hierarchy  would  be  sieply  to  give  a  break-out  con¬ 
cerning  each  coaaand  level,  this  would  provide  a  sore  coaprehen- 
sive  view  and  expose  probleas  existing  at  various  levels.  i 
strengthening  of  organizational  coasitaent  to  change  could  also 
result.  Supervisors  at  lower  levels  nay  be  aore  apt  to  correct 
probleas  if  higher  level  involveeent  is  present. 

Of  conrse,  the  issue  of  response  anonyaity  and  possible 
retribution  aust  be  considered.  It  is  suggested  in  providing 
supervisors  with  coaprehensive  feedback  that  scores  not  be  iden¬ 
tified  with  specific  groups.  For  exaaple,  supervisors  would 
receive  scores  for  unidentified  groups  1,  B,  c,  and  so  on,  for 
each  coaaand  level.  However,  certain  situations,  such  as  a  snail 
nuaber  of  groups  per  level,  could  render  this  strategy  ineffec¬ 
tive.  i  possible  alternative  would  be  to  provide  a  range  of 
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scores  for  each  level.  By  •■ploying  either  of  these  aethods  of 
reporting  feedback,  a  aore  overall  view  of  the  organization  is 
provided  to  supervisors,  while  preserving  the  anonysity  of  the 
respondents. 

one  final  point  needs  to  be  aade  in  regard  to  the  clinate 
■ensure  (in  particular;  statements  eighty-nine  and  ninety-  seven 
of  the  General  Organizational  Clinate  subfactor) ,  Payne  hi. 
**  stated  that  in  using  the  aean  as  a  clinate  aggregate,  itess 
should  elicit  objective  rather  than  subjective  responses.  The 
•numerated  iteas,  eeasuring  pride  and  notivation,  aay  result  in 
affective  responses.  if  a  truely  descriptive  scale  is  desired, 
elimination  or  rewording  of  the  iteas  aentioned  is  suggested. 

1 -  USE  BSSISJ! 

Ta§i  Bflsiaa  As  flsasaiai  Si  lis  QhilQlS 

Task  design  is  conceptualized  on  the  OAP/OAS  by  three  fac¬ 
tors:  lead  for  Bnrichaent,  focusing  on  job  characteristics 
desirable  to  individuals;  Task  Characteristics,  aeasuring  several 
job  aspects  (i.e.  task  identity,  feedback) ;  and  Task  Autonomy, 
focusing  on  the  auount  of  discretion  afforded  individuals  in 
planning  and  performing  their  jobs. This  model  is  similar  to 
the  job  characteristics  approach  to  task  design,24  which  will  be 
elaborated  in  a  following  section. 


flatgam  a£  Ink  lidsi  lau 

As  with  cliaate,  redesigning  tasks  has  bee a  shown  to  bo 
associated  oitk  bonoficial  work  outcosos.  Variables  posit! voir 
influenced  by  job  redesign  are  satisfaction,  productivity#  and 
cownitaent.24  lank  redesign  can  lead  to  high  internal  aotivation 
in  workers.  Sesearch  supporting  this  proposition  kas  found  that 
job  satisfaction  increased  as  a  result  of  task  aanipulations. 
Siailarly,  it  has  been  argued  that  changing  jobs  can  lead  to 
heightened  cosnitaent  to  the  organization  and  increased  produc¬ 
tivity.  The  relationship  of  these  desirable  organizational  prop¬ 
erties  and  enriched  tasks  deaonstrates  the  nor it  in  considering 
task  redesign  as  a  viable  organizational  intervention  technique. 

ccipstiaa  hu&sasbss  is  Iasi  Qssisa 

Presently,  two  coapeting  approaches  to  changing  jobs  in 
organizations  exist.  The  older  and  aore  researched  approach  eaa- 
nates  from  the  job  characteristics  aodel. 24  Briefly#  the  job 
characteristics  aodel  exaaiaes  individual  responses  to  jobs  as  a 
function  of  job  characteristics  aoderated  by  individual  differ¬ 
ences.  The  second,  and  aore  recent  approach  to  task  design  is 
the  social  inforaatioa  processing  aodel  developed  by  Salancik  and 
Pf offer.**  This  perspective  enphasizes  the  effects  of  the  social 
context  and  the  consequences  of  past  choices  in  explaining  job 


responses 


ttt  lak  flsdil 


This  overview  is  bassd  os  Backsaa  and  Oldhaa's  aodal. *♦ 
Drawing  on  previous  task  design  research* *****  ths  job  character- 
istics  nodsl  states  that  interactions  between  jobs  and  individu¬ 
als  deter line  work  oatcones.  Dependent  variables*  or  work  oat- 
cones#  inclade  satisfaction*  turnover*  absenteeisa*  and 
perforsance.  Job  characteristics*  or  core  di sessions*  are  posi¬ 
ted  to  describe  sotivational  components  of  work  which  satisfy 
individual  needs.  These  inclade  skill  variety*  tasx  signifi¬ 
cance*  task  identity*  feedback*  and  aatoaoay.  Jobs  aust  be  high 
on  all  diaensioas  for  positive  oatcones  to  occur.**  ideally  both 
horizontal  and  vertical  changes  to  jobs  are  recoaaended.  Hori¬ 
zontal  changes  involve  increasing  the  naaber  of  different  things 
individuals  do*  while  vertical  changes  iaply  increasing  the 
degree  to  which  individuals  are  responsible  for  decisions. 

applying  the  job  characteristics  aodel  as  does  the  Air 
Force*  assunes  that  specific  jobs  are  invariant  across  individu¬ 
als.  That  is*  since  individual  perceptions  are  aggregated  and 
coaposite  scores  forsed*  individuals'  scores  are  subsuaed  within 
that  coaposite.  People  say  perceive  certain  job  characteristics 
differently.  For  instance*  a  job  requiring  extensive  travel 
would  probably  be  viewed  differently  by  an  unnarried  eaployee 
than  an  eaployee  with  a  fanily.  However*  certain  job  character¬ 
istics  can  be  sinilarly  perceived  by  workers.  A  building  with 
teaperature  above  ninety  degrees  will  result  in  siailar  percep¬ 
tions  concerning  the  heat.  Therefore  task  redesign  should  take 
into  account  both  individual  and  group  influences. 


this  point  was  raised  la  rscaat  attacks  oa  the  Job 
cbaractoristics  aodol.  For  instance,  criticisas  statiag  that  tbs 
ao dal  does  aot  s pacify  the  dataraiaaata  of  individual  aaads  aor 
iadiridaal  pazeaptioa s,**  aad  that  tba  aodal  neglects  situ¬ 
ational  iaflaeaces  on  perceptions,**  are  representative  of  the 
recent  controversy. 

sssial  tmmiM  aaflii 

Partially  becanse  of  dissatisfaction  with  the  job  character¬ 
istics  aodel,  a  social  inf  or  nation  processing  approach  evolved. 
This  approach  attributes  job  attitudes  and  needs  as  originating 
froa  two  sources.  First,  individuals  develop  attitudes  and  needs 
associated  with  a  job  as  a  function  of  the  infornation  available 
to  then  at  the  tine  the  attitude  or  need  is  expressed.  One 
inportant  source  for  infornation  is  the  iaeediate  social  environ- 
sent.  The  social  contest  of  the  situation  generally  has  two 
effects:  (1)  it  directly  allows  for  construction  of  aeaning 
through  socially  acceptable  beliefs,  attitudes,  and  actions;  (2) 
it  indirectly  causes  individuals  to  focus  attention  on  certain 
infornation,  aaking  that  infornation  sore  salient.** 

For  instance  an  individual’s  perceptions  can  be  directly 
influenced  by  overt  statenents  of  coworkers  as  to  aonotony  or 
sons  other  characteristic  of  the  job.  Indirect  influences  are 
contained  in  everyday  conversations.  In  noting  certain  aspects 
of  the  job,  coworkers  cue  aa  individual  as  to  what  to  consider 
in  the  work  setting.  Calling  attention  to  the  social  iaportanoe 
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of  the  organisation's  service  mj  uka  the  job  seen  significant, 
la  both  instances,  covorkota  aro  giving  social  caoa  to  tha  indi¬ 


vidual. 

Tho  aocoad  aoarco  of  job  attitudoa  and  aaods  is  individuals' 
past  behaviors  attributed  to  the  environment  •  The  process  of 
attributing  attitudes  froa  past  behavior  depends  on  coaaitaeat  to 
the  behavior.  Coaaitaeat  is  greatest  uhea  behavior  occurs  under 
conditions  of  choice,  uhea  it  is  public,  and  when  its  occurrence 
cannot  be  denied.  Conaitneat  causes  inforaation  about  past 
behavior  to  becoae  salient  leading  to  possible  influences  on 
attitudes  and  needs.** 

Straw5®  found  this  effect  in  that  individuals  coaaitted  to 
10 TC  prograas  because  of  binding  contracts,  developed  nore  favor* 
able  attitudes  tovards  the  prograa  after  they  received  a  high 
draft  nuaber,  conpared  to  those  not  bound  by  contracts.  This  is 
surprising  since  the  individuals  joined  I0TC  to  avoid  conscrip¬ 
tion.  Presunably  the  high  draft  nuaber  should  have  caused  the 
prograa  to  lose  its  appeal  since  it  no  longer  fulfilled  a  per¬ 
sonal  goal.  Bonever,  attitudes  becase  nore  favorable,  possibly 
resulting  froa  the  individuals'  need  for  attitudes  justifying 
reaainiag  in  the  prograa. 

Three  iaportaat  conclusions  are  iaplied  froa  this  approach. 
First,  task  redesign  prograas  cannot  be  successfully  accosplished 
over  night.  Changing  eaployee  attitudes  tovards  salient  job 
dinensions  involves  a  long- ter a,  aaaaged  social  process.  Sec¬ 
ondly,  the  dinensions  aade  salient  oust  be  capable  of  being  per- 
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ctifti  as  changed.  those  diaaasioas  that  cannot  ba  actad  upon 
bacaasa  of  either  cola  or  technology  constraints  shoald  not  ba 
addrassad.  Lastly,  tha  social  inf or nation  p r oca sain g  approach  is 
individually-oriented.  Social  contacts  can  ba  perceived  differ- 
antly  by  individuals.  in  partlcalar  as  individual's  past  bebav- 
iors  contribata  to  attitadas  anigue  to  that  parson.  However, 
saall  groups#  charactaristicly  uith  high  intaractioa#  any  par* 
caive  social  contacts  sinilarly.  Oanonstrating  coasaasas  of  job 
attitadas  by  a  validation  procadura,  lika  tha  oaa  discussad  in 
tha  cliaata  suction#  nay  allow  groups  to  bacons  tha  focal  unit  of 
task  redesign. 

BlCSttfc  iMSSCS*  is  last  BSliSS 

Generally  tha  rasaarch  dona  in  this  araa  is  laboratory 
basad#  coaparing  tha  ralativa  offsets  of  tha  two  aodals  in  chang¬ 
ing  job  attitadas.  Stadias  by  Shits  and  Mitchell*1  and  O'Sailly 
and  Ca Id wall**  are  raprssantativs  of  tha  laboratory  studios. 
Both  stadias  found  social  cuss  and  direct  task  aanipulations  to 
affact  job  attitadas.  Social  cans  accounted  for  soaawhat  aors 
variation  in  satisfaction  and  productivity  than  task  aanipula¬ 
tions.  In  one  of  the  few  field  ax pari neats  conducted  in  this 
area#  Griffin**  found  evidence  for  both  social  cans  and  task 
aaaipulatioas  in  changing  job  attitudes.  social  cans  were  ver¬ 
bally  given  by  supervisors  directed  towards  reinforcing  tha  core 
diaeasioas  of  feedback#  task  variety#  autonony#  and  task  identity 
inherent  in  tha  jobs.  The  objective  aaaipulatioas  involved 
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ispleasnting  new  technology  ud  restructuring  of  ocgaaiutioul 
roles. 


■•salts  indicated  that  both  social  caos  and  task  aaaipula- 
tioas  iaflnsacsd  job  perceptions.  Task  nanipulations  appeared  to 
iaflaeace  prod activity,  while  no  relationships  between  productiv¬ 
ity  and  social  coos  were  detected.  This  study  demonstrated  that 
the  relationships  hypothesised  by  the  social  information  process¬ 
ing  sodel  are  not  restricted  to  the  laboratory.  klso,  organiza¬ 
tions  should  consider  this  approach,  in  addition  to  direct  manip¬ 
ulations,  in  task  redesigns. 

XiiUsaiiaas 

It  is  recossended  that  both  the  job  characteristics  and 
social  information  processing  approaches  to  task  design  be  con¬ 
sidered  by  the  LHDC.  This  asans  that  when  task  interventions  are 
appropriate,  effort  should  be  directed  towards  changing  percep¬ 
tions  through  a  aanaged  social  process  as  well  as  actually  chang¬ 
ing  the  task.  in  adopting  groups  as  focal  units  for  change, 
aggregation  considerations  arise.  Shatter  task  perceptions  are 
specific  to  individuals,  groups,  or  both,  as  advocated  by  a  sal¬ 
ti-level  perspective,  deserves  consideration.  If  task  percep¬ 
tions  are  to  collectively  describe  a  group  of  people  working  at 
the  sane  job,  hoaogeneity  of  group  perceptions  should  he  deson- 
st rated. 

Adopting  both  approaches  to  task  design  theoretically  aakes 
sense#  but  in  application  actually  changing  tasks  is  not  always 
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poaalbl*.  tkis  My  •specially  b«  tra*  is  tka  lie  Voces  shore 
organizational  coles  oc  tec hso logy  say  liait  actual  task  changes. 
Bare*  influencing  task  pecceptioas  My  be  a  viable  altecaative. 
The  aost  obvioas  soacce  of  potential  social  cues  is  the  supervi- 
soc.  Caes  coaid  be  specifically  directed  at  the  coco  task  diMn- 
sioss  of  feedback*  variety*  autonomy,  identity*  and  significance. 
It  is  iapoctant  foe  sapeevisors  to  andecstand  that  caes  should  be 
gives  only  in  relevant  instances*  and  in  the  cbm  of  feedback*  as 
performance  warrants.  Griffin's  field  study33  denonstratad  super¬ 
visory  casing's  inpact  on  task  perceptions. 

Social  cueing  should  begin  when  individuals  enter  the  organ¬ 
ization.  Baploying  job  previevs  that  enphasize  the  positive 
aspects  of  the  job  is  on  possibility.  For  eMsple*  the  lir 
Force  should  enphasize*  in  as  relevant  tecs  as  possible*  hos 
jobs  help  protect  the  country*  or  how  jobs  offer  a  vide  variety 
of  useful  experiences.  This  would  iaaediately  sake  salient 
those  positive  diaensions  inherent  in  the  job.  another  exaaple 
would  be  coaaunicating  career  ladders  to  new  personnel*  and  spec¬ 
ifying  the  iaportance  of  perforsance  for  proaotion.  This  is 
undoubtebly  iaportant  to  iadividMls  upon  entering  the  lir  Force. 

Social  cues  can  com  froa  a  variety  of  sources  too  nuaerous 
to  be  discussed  here.  Soaething  as  siaple  as  erecting  a  bulletin 
board  aay  change  a  perception  of  lack  of  inforMtion  flow  in  an 
organization.  Of  courM  certain  people  could  construe  such 
Mnipulations  to  be  soMvhat  unethical.  This  iMue*  though  rele¬ 
vant*.  is  beyond  the  scope  of  this  review  and  therefore  not  con¬ 
sidered. 


12.  SSttAX  iMMMgg 


Cfllfckt  IuUBIH  AS  JftAlSEld  hi  ttl  fill/SIS 

The  OkP/OkS  divides  coabat  readiness  into  coabat  ralatad 
training,  group  cohesion,  a oca la,  and  coabat  aotivatioa.  Tkaaa 
so bf actors,  aa  with  cliaata  and  task  dasign,  aca  aaasucad  at  tha 
individual  parcaptoal  level.  it  is  iaportant  to  nota  tkat  objec¬ 
tive  critaria,  sock  as  logistics,  aca  oaittad.  Tka  aaasoras  us ad 
in  coaposita  ccitarioa  ara  psychological  and  therefore  subjective 
in  natuca.  akila  this  saction  will  anphasiza  tka  individual  and 
groap  coaponents  of  coabat  raadinass,  a  strict  aulti-level  viav 
is  aot  discuss ad  bacausa  of  tha  lack  of  inforaation  in  tka  coabat 
raadinass  araa  concarning  this  parspactiva. 

Asssulifiss  si  Iks  Raaut  lixiax 

Bafora  discussing  tka  litaratars  on  coabat  raadinass,  a  fan 
coaaaats  ara  in  ordar.  first,  tka  aajocity  of  litacatura  on  coa¬ 
bat  raadinass  is  basad  on  stadias  condoctad  by  tka  kray. 
Althoagh  ovarall  aissioas  of  kray  and  kir  forca  pacsonnal  ars 
concaptaally  diffarant,  basic  siailaritias  ara  assaaad  to  allow 
ganaralizations.  Sacond,  pablishad  rasaarck  discussas  coabat 
raadinass  of  experienced  coabat  parsonaal.  Coabat  raadinass  of 
support  parsonaal  was  not  discussad  in  any  of  tka  raadings  and 
gaaaralixations  to  than  nay  ba  liaitad.  finally  suck  of  tha 
writing  in  this  araa  consists  of  sabjactiva  opinions  as  opposed 
to  aapirical  rasaarck.  Tiaws  advanced  in  these  articles  will  ba 
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nporttd;  howattr  their  flidiags  will  not  be  itrautd  in  tdtuc- 
ing  iaplicatioas  Id  the  last  section. 

Ikt  £zabl*M  at  Qaatat  HiiiMn 

Preparing  individuals  for  stresses  they  Mill  encounter  in  a 
conbat  situation  has  always  been  iaportant  to  ailitary  leaders. 
The  ability  of  a  unit  to  adapt  to  high  stress  in  cosbat  is  a 
aajor  deter ainaat  of  its  success.  Stress  encountered  by  infantry 
units  was  discussed  by  flarshall*4  when  he  observed  an  astounding 
seventy-five  percent  of  the  sen  in  any  given  coabat  unit  would 
not  fire#  or  persist  in  firing  against  the  eneay.  Thus#  a  aajor 
task  for  leaders  is  to  deternine  variables  facilitating  stress 
reduction  in  conbat. 

S&XIfS  Sid  US  CfillflMttiS 

Griuker  and  Spiegel**  assert  that  aniversal  stresses  of  coa¬ 
bat  tend  to  reduce  all  individuals  to  a  coaaon  denoaiaator# 
teraed  the  coabat  personality.  The  authors  base  their  ideas  on 
findings  froa  an  extaaaive  study  of  both  successful  and  unsuc¬ 
cessful  adaptations  to  coabat.  Stress  affects  the  coabat  person¬ 
ality  by  producing  fear#  anxiety#  and  to  a  lesser  extent#  hostil¬ 
ity.** 

The  difference  between  fear  and  anxiety  is  an  iaportant 
issue.  First#  fear  is  an  enotional  response  to  a  real  stiaulus 
that  either  threatens  the  individual  at  the  aoaent  or  portends 
actual  danger.  In  aost  circsastaaces#  individuals  are  able  to 


ctdact  fau  through  action.**  since  fame  ocean  la  taapoaaa  to 
actual  danger,  it  is  as  notion  of  self-preservation,  serving  as 
as  integral  part  in  individuals*  defease  aechanisas.  Anxiety  is 
as  anticipation  of  danger,  occur lag  when  individuals  are  reainded 
or  foresarned  of  traosatic  experiences,  and  respond  as  if  the 
danger  sas  truly  present.**  Low  levels  of  anxiety  can  prepare 
individuals  fox  possible  dangers  in  conbat.  However,  when  high 
levels  of  anxiety  exist,  individuals  aay  becoae  obsessed  with 
dangers  both  teal  and  unreal.  Individuals  in  this  condition  can¬ 
not  distinguish  between  dangers  that  are  real  (fear)  and  those 
that  are  not  based  in  reality  (anxiety) •  thus,  to  increase  con- 
bat  readiness,  factors  acting  to  decrease  individuals'  anxiety 
east  be  distinguished.  the  raaainder  of  this  section  will  dis¬ 
cuss  paraaeters  that  facilitate  reduction  of  anxiety  (i.e. 
increase  psychological  conbat  readiness)  froa  both  individual  and 
group  perspectives. 

Individual  Stress  llaltf.  An  individual  perspective  of 
aeasureeent  assunes  that  stress  affects  individuals  differently. 
Standish**  took  this  view,  reasoning  that  each  individual  devel¬ 
ops  a  aental  stability  linit  in  childhood  based  on  security  and 
discipline  received  froa  the  parents.  By  adolescence,  the  linit 
is  fixed.  An  individual's  adaptation  to  a  stressful  situation  is 
dependent  on  the  sua  of  situational  stresses  and  the  individual's 
aental  stability  linit.  Since  an  individual's  aental  stability 


Halt  is  aot  flaiiblt,  tto  situation,  or  the  utcb  bo  trass  indi¬ 
vidual  and  situation*  oust  bo  changed  to  docroaso  tbo  individu- 
al*o  stroso. 

Loaxnod  Habit?.  Hausser**  advocated  tbo  individual  as  tbo 
focal  point  to  onbanco  coabat  roadinoss.  Ho  liato  four  factors 
vbicb  props 1  aon  into  coabat:  sabaioaioa  to  authority;  foar  of 
both  punish sent  for  doaortioa  and  of  disgrace;  loyalty  to  tbo 
anit;  and  poroonal  prido.  Tbo  author  advocates  a  bobavior  Boni¬ 
fication  approach  to  decreasing  stress*  naaely  individuals  should 
bo  regarded  for  appropriate  bobavior  and  punished  for  inappropri¬ 
ate  behavior.  Through  this  approach*  along  with  longer  and  sore 
intensive  training*  individuals  should  naster  the  task  at  hand* 
resulting  in  less  anriety  in  actual  coabat. ** 

Self-Confidence.  additionally*  strengthening  individuals' 
self-confidence  is  suggested  as  a  neans  of  stress  reduc¬ 
tion.  *•*>•*>«  If  individuals  can  be  sade  sore  confident  during 
training  and  indoctrination  of  their  staaina*  skill*  and  ability 
as  coabat  participants*  anriety  will  resultant ly  decrease. *•  This 
view  differs  fros  the  learned  habits  approach  in  that  cognitive 
processes  are  stressed. 

Stouffer  and  his  associates***  in  their  study  of  social  psy¬ 
chology  during  world  war  I I,  found  that  those  individuals  who 
exhibited  high  levels  of  self-confidence  after  cospleting  train¬ 
ing*  were  rated  significantly  better  perforsers  in  coabat  by 
their  superiors  than  those  who  reported  low  self-confidence  fol¬ 
lowing  training. 


SEfilE  ftHMttilM 


Understanding  groap  iapact  on  individuals  is  iaportant  ia 
foraulating  a  coaprebensive  aaasaca  of  coabat  raadiaass.  is  is 
oftaa  tbs  casa,  accnrata  pradictioas  of  individuals'  behavior 
will  not  necessarily  afford  accnrata  pradictioas  of  individuals' 
bahavior  whan  they  ara  aanbars  of  a  group.  Group  af facts  on 
individual  bahavior  can  taka  a  variety  of  foras.  For  exanple, 
aztinction  of  parsonal  feelings,  highar  lavals  of  enotion,  and  a 
faaling  of  dacraasad  rasponsibility  for  actions  ara  characteris- 
tic  of  individuals  in  groups.**  Therefore,  in  adapting  a  coapre- 
hansiva  nodal  of  conbat  readiness,  tha  group,  as  wall  as  the 
individual,  should  ba  takan  into  account. 

Group  Cohesion  and  loyalty.  In  relation  to  coabat  readi¬ 
ness,  effects  of  group  cohesion  ara  often  cited.**, **,*»  situ¬ 
ational  influences  of  conbat,  aaaely  tha  existence  of  an  outside 
threat,  often  results  in  a  faaling  of  group  solidarity,  individ¬ 
uals  in  coabat  cons  to  depend  on  tha  group,  not  only  for  sur¬ 
vival,  but  also  for  various  af factional  needs.**  Through  this 
dependence  the  group  is  able  to  enforce  its  standards  and  goals 
on  individuals.  Grinker  and  Spiegel**  identify  an  individual's 
attachnant  to  tha  group  as  tha  aost  important  factor  in  control¬ 
ling  anxiety.  They  state  that  as  long  as  an  individual's  inter¬ 
ests  raaain  devoted  to  tha  group,  high  lavals  of  anxiety  will  not 
develop. 

Group  Slsf.  Individuals'  abilities  to  fora  strong  group 
ties  ara  aodaratad  by  group  size,  in  that  cohesion  saaas  to  be 


found  strongest  at  the  priaary  group  level.3*,41  B riaary  groups 
characteristically  have  high  interactions  and  a  shared  dependence 
(e.g.  hoaber  crews  and  coabat  sguads) .  High  levels  of  teaavork 
are  also  characteristic  of  priaary  groups.  In  aost  instances 
teaawork  is  necessary  for  successful  perforaance  of  the  priaary 
group(s  aission.  Group  size  aoderates  cohesion  in  that  individu¬ 
als  are  unable  to  identify  with  large  intangible  groups  such  as 
an  Air  force  Ring  or  the  Air  Force  taken  as  a  whole.  Therefore, 
to  reduce  anxiety  through  feelings  of  group  cohesion  and  loyalty, 
eaphasis  aust  be  placed  at  the  priaary  group  level.41 

Morale.  Factors  discussed  as  influences  on  individual 
stress  levels  have  priaarly  concerned  group  cohesion  and  self- 
confidence.  These  eleaents  collectively  result  in  aorale.3* 
Morale  is  defined  as  a  group's  capacity  to  pull  together  persis¬ 
tently  for  a  coaaon  purpose. **  It  can  also  be  thought  of  as  a 
collective  state  of  aotivation  experienced  throughout  the  group. 
An  additional  coaponent  of  aorale  is  subordinate  confidence  in 
leadership.  Eighty-eight  percent  of  the  coabat  flyers  inter¬ 
viewed  by  Shaffer3*  voiced  that  confidence  in  the  ability  of 
their  coaaanding  officer  aided  ia  controlling  fear.  The  aanage- 
aent  and  supervision  factor  of  the  OAP/OAS,  to  soae  extent,  aeas- 
ures  this  construct.  Specifically,  support,  guidance  received, 
and  the  overall  quality  of  supervision  are  assessed  through  the 
instruaent. 


%  V 


I« plications 


In  aeasuring  coabat  readiness  a  contingency  approach  is 
advocated.  Factor  assessaent,  and  the  Banner  in  which  feedback 
is  given,  should  depend  on  the  group's  aission.  Specifically,  a 
differentiation  needs  to  be  aade  between  groups  in  which  tasks 
deaand  high  levels  of  teaawork  and  those  that  do  not.  coabat 
units,  or  groups  in  which  tasks  are  largely  conjunctive,  need  to 
be  assessed  at  both  individual  and  group  levels.  Assessing  indi¬ 
vidual  perceptions  of  coabat  readiness  is  crucial,  since  only  one 
group  aenber  who  is  experiencing  high  stress  aay  hinder  overall 
group  perforaance.  this  could  occur  even  if  the  aajority  of 
group  aeabers  perceived  the  unit  as  coabat  ready.  A  coaposite 
score  of  this  hypothetical  group  would  reflect  the  aajority's 
perceptions,  hut  hide  the  individual's  negative  evaluation  of 
coabat  readiness.  It  is  suggested  that  individual  influences  of 
coabat  readiness  such  as  confidence  in  one's  training  and  abili¬ 
ties  be  assessed  individually  for  aeabers  of  groups  perforaing 
conjunctive  tasks. 

Collective  aeasures  of  coabat  readiness  also  are  xaportant 
for  groups  perforaing  conjunctive  tasks.  Throughout  the  litera¬ 
ture,  the  construct  of  group  cohesion  and  loyalty  is  noted  for 
reducing  stress.  The  phenoaenon  seeas  strongest  at  the  priaary 
group  level.  It  can  be  argued  that  the  nature  of  conjunctive 
tasks  causes  feelings  of  group  cohesion  and  loyalty,  since  unit 
success  is  dependent  on  each  group  aenber  working  together. 
Therefore  aggregating  priaary  groups  for  feedback  concerning 
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cohesion  is  not  advised  when  tasks  perforned  within  groups  ara 
characteristically  high  in  required  teaawork. 

Measuring  coabat  readiness  of  groups  whose  missions  do  sot 
desasd  high  levels  of  teaawork  suggests  a  different  approach. 
Individual  detecainants  of  conbat  readiness  say  be  aore  iaportaat 
then  group  considerations.  Since  successful  per for nance  is  dic¬ 
tated  by  the  individual's  effort,  group  influences  will  play  a 
lesser  part  in  coabat  readiness.  Individual  aspects  of  conbat 
readiness,  such  as  confidence  in  training  and  personal  abilities, 
would  seen  to  be  aore  influential  in  explaining  conbat  readiness 
in  low  teaawork  groups. 

other  potential  deterainants  of  coabat  readiness,  such  as 
trust  in  leadership  abilities,  are  inportant  to  both  high  and  low 
teaawork  groups.  Confidence  in  leadership  is  not  directly  aeas- 
ured  by  the  coabat  readiness  scale;  however,  overall  supervision 
is  assessed  through  the  aanageaent  and  supervision  factor. 
Statenents  in  this  factor  concern  supervisory  processes,  but  fail 
to  neasure  outcones  such  as  confidence  and  trust  in  leaders' 
judgenent  and  abilities.  Stateaents  assessing  leadership  out- 
cones  deserve  consideration  on  the  conbat  readiness  scale. 

Finally,  although  objective  indices  of  conbat  readiness  are 
not  considered  in  the  survey,  subjective  aspects  of  logistics 
deserve  aention.  Shaffer3*  found  confidence  in  eguipnent  as  a 
factor  related  to  reduced  stress.  This  factor  nay  be  especially 
inportant  for  prinary  groups  perforaisg  conjunctive  tasks.  in 
obvious  exanple  would  be  a  flight  crew  that  perceives  it's  air- 


craft  as  bain?  in  lass  than  satisfactory  condition.  Stcassas  in 
this  situation  would  ha  enoraous.  This  factor  nay  operate  in  tha 
fraaasork  suggested  in  Berzberg*a  two  factor  thaory  of  aotiva- 
tion, 4*  in  that  aguipnant  perceived  as  functioning  wall  nay  not 
haightaa  individuals*  faalings  of  coabat  readiness,  but  aguipnant 
that  is  thought  to  ba  lass  than  adaguata  will  cartainly  daprass 
aotivation  for  coabat. 

III.  2SAJUJ2 

This  ratios  discussed  individual  and  group  dyaaaics  underly¬ 
ing  tha  aoasuresant  and  feedback  processes  eaployed  by  the  LBDC 
aanagaaent  consulting  service.  Specifically  exaained  ware  cli- 
aata,  task  design,  and  coabat  readiness  factors  of  tha  OAP/OhS 
survey.  Both  individual  and  group  perspectives  ware  reviewed  for 
each  factor  in  order  to  illustrate  individual  and  group  influ¬ 
ences  on  individual  behavior.  Conseguently,  a  batter  understand¬ 
ing  of  tha  aultiple  deter uinants  influencing  individual  behavior 
was  gained. 

S1UA&1 

Researchers  in  tha  cliaate  area  differentiate  between  indi¬ 
vidual  cliaate,  descriptions  of  organizational  practices  froa  a 
single  aeaber's  point  of  vies;  and  organizational  cliaate,  a  col¬ 
lective  description  of  the  organizational  environaent,  sost  often 
assessed  by  averaging  organizational  isabers*  perceptions.  By 
*99f«.9*ting  individual  perceptions  one  assuaes  that  orgaaiza- 


tional  Nib«ti  pncalvt  cliaate  similarly,  and  tbit  tbasa  iiii> 
la ritiva  outweigh  individual  differences  in  perception.  It 
bacons  nacaMuj  to  taaasa  tho  degree  of  perceptual  agreeaent 
nnong  individuals  whoso  scores  are  aggregated.  Aggregate  cliaate 
neasares  should  be  construct  valid  to  assure  that  agreeseat 
exists  to  warrant  feedback  at  various  organisational  levels.** 

Aggregation  procedures  characteristically  give  no  iaforaa- 
tion  about  subunits  that  ace  subsused  within  the  larger  unit.  In 
the  Air  Force  ,  supervisors  high  in  the  coasaad  hierarch;  are 
given  a  narrow  view  of  their  organizations.  Giving  these  super* 
visors  a  break-out  of  scores  at  each  coaaand  level  would  offer 
thea  a  aore  coaprehensive  view  of  their  organisations.  Confiden¬ 
tiality  of  respondents  could  be  saintained  by  giving  anonysous 
representation  of  group  scores,  or  by  giving  a  range  of  scores  of 
the  groups  at  any  particular  organizational  level.  A  final  point 
regarding  cliaate  aggregation  concerns  the  wording  of  stateneats. 
If  responses  are  aggregated,  the  stateneats  should  elicit  objec¬ 
tive  rather  than  subjective  responses.**  Individual  differences 
are  ainiaised  if  this  guideline  is  followed.  Specifically, 
stateaeats  aeasuring  pride  and  aotivation  should  not  be  used  to 
assess  organizational  cliaate. 

Zaik  Bsiigfi 

Two  approaches  to  changing  jobs  in  organizations  exist.  The 
job  characteristics  aodel  states  that  individuals'  job  attitudes 
are  a.  function  of  job  characteristics  (i.e.  task  identity,  task 


work,  and  groups  which  psrfors  tasks  characteristically  dssaadisg 
littls  teaswozk  should  be  assessed  differently.  the  forser 
groups  should  be  asaaured  by  both  iadividsal  sad  group  con¬ 
structs.  Here,  in dir id sal  self-confidence  is  isportant  since  one 
group  aesber  who  is  sot  confident  and/or  conbat  ready  could 
affect  the  group's  collective  performance.  Croup  cohesion  should 
be  assessed  because  of  its  stress  controlling  properties,  conbat 
readiness  of  low  teaswork  groups  should  priaarily  be  assessed 
through  individual  determinants.  Aspects  such  as  confidence  in 
training  and  personal  abilities  would  sees  sore  influential  in 
datersining  conbat  readiness  in  these  groups  than  constructs  of 
cohesion  and  loyalty. 

Lastly  two  other  deter sinants  of  conbat  readiness  nay  affect 
streams  levels  of  both  groups.  First,  subordinates'  trust  in  the 
abilities  of  their  leaders  should  be  assessed.  In  addition, 
individuals'  confidence  in  their  eguipsent  any  affect  stress 
reduction.  Both  of  these  constructs  were  found  to  be  isportant 
in  controlling  stress  of  coabat  air  crew  nesbers. *• 

1III*  BKQUnUUQMS 

The  reviews  of  cliaate,  task  design,  and  coabat  readiness 
referred  to  above,  desonstrate  the  iaportaace  of  considering  both 
individual  and  group  dynaaics  in  the  aeasuresent  and  consulting 
processes.  In  light  of  this  review,  the  following  recosnenda- 
tions  are  warranted: 


1)  Deteraiae  tte  l«wl  at  which  aggregate  cliaata  aad  taak  dasign 
feedback  scores  ara  aaaaiagfal  by  daaoaatcatiag  agraaaant  a slag  a 
coas tract  validity  approach.  vraaaat  aathoda  aaaaaa  hoaogaaaity 
of  groap  aaabars'  perceptions. 

2)  Bzpaad  the  cliaata  faadback  givaa  to  supervisors  to  aacoapass 
aach  level  of  their  coaaaad.  confidentiality  of  respondents  can 
be  aaintained  by  giving  anonyaons  representation  of  group  scores 
or  by  reporting  ranges  of  scores.  This  nill  allow  a  sore  coapre- 
ha naive  vies  of  the  organization,  and  not  violate  the  partici¬ 
pants'  confidence. 

3)  Besord  itens  eighty-nine  and  ninety- seven  of  the  general 
organizational  Cliaata  factor.  These  state aents,  aeasuriag  pride 
and  activation  say  be  eliciting  subjective  responses,  which 
should  not  be  used  if  average  cliaata  scores  are  reported. 

*)  adopt  a  social  inforaation  processing  approach  for  task  rede¬ 
sign  interventions  in  addition  to  objective  task  changes,  social 
cues  have  a  proven  influence  on  job  attitudes. 

5)  Differentiate  in  aeasuriag  coabat  readiness  between  groups 
which  perfora  tasks  deaanding  high  levels  of  teaawork  aad  those 
groups  whose  tasks  are  ideatifiably  low  in  teaawork  characteris¬ 
tics.  Low  teaawork  groups  should  priaarily  be  assessed  at  indi¬ 
vidual  levels,  while  for  high  teaawork  groups,  assessaent  at  both 
individual  and  group  levels  nay  be  iaportaat. 


6)  Za  dataraiaiag  coabat  raadiaass,  a imu  confidence  in  leader- 
skip  and  egaipaent  at  tke  iadividaal  level  foe  kotk  kigk  aad  low 
taaavork  task  gtoaps.  tk ese  coastracta  aay  ka  i a porta at  ia  aaas- 
oring  psychological  coabat  raadiaasa. 
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ABSTRACT 


The  United  States  Air  Force  is  currently  assessing  the 
separation  of  oxygen  from  air  using  pressure  swing  adsorption 
(PSA)  for  use  on  board  aircraft.  A  recently  developed  theoreti¬ 
cal  model  for  PSA  (Knaebel  and  Hill  [l])  is  experimentally 
tested  by  separating  oxygen  from  air  at  45°C  and  45  psia  (feed 
pressure).  Molecular  sieve  5A  adsorbent  is  used  in  a  two-bed, 
six-step  PSA  cycle.  The  theory  accurately  predicts  the  maximum 
recovery  of  oxygen  as  a  function  of  the  pressure  ratio  within 
8%.  In  simple  breakthrough  experiments  the  model  predicts  the 
slope  of  six  linear  equilibrium  isotherms  with  an  average  devia¬ 
tion  from  the  actual  values  of  5%.  The  model  should  be  a  useful 
tool  in  future  USAF  performance  studies  of  PSA  units. 

The  experimental  work  is  performed  under  conditions  favorable 
to  the  assumptions  of  the  theoretical  model.  Recommendations 
are  given  for  future  theoretical  and  experimental  development 
under  less  favorable  conditions.  Additional  experimental  work 
could  significantly  expand  the  utility  of  the  theory. 
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I.  INTRODUCTION 

Pressure  swing  adsorption  (PSA)  is  an  attractive  technique 
for  separating  gas  mixtures.  It  requires  little  energy  input 
and  is  capable  of  providing  pure  product.  The  Air  Force  is 
presently  assessing  PSA  as  a  method  of  supplying  oxygen  on  de¬ 
mand  to  crew  members  on  board  aircraft.  An  important  part  of 
the  Air  Force  effort  is  to  understand  the  performance  of  PSA 
units  under  a  variety  of  conditions.  A  theoretical  analysis  of 
PSA  was  recently  developed  by  Knaebel  and  Hill  [l].  If  accu¬ 
rate,  the  theory  would  be  a  useful  tool  in  studying  the  perform¬ 
ance  of  PSA  units.  This  work  evolved  naturally  out  of  the  Air 
Force  need  for  increased  understanding  of  PSA  performance  and 
the  necessity  of  testing  the  available  theory. 

II.  OBJECTIVES 

The  primary  objective  of  this  project  was  to  test  the  PSA 
theory  of  Knaebel  and  Hill  [1].  The  constraints  and  assumptions 
of  the  theory  formed  an  excellent  guideline  for  the  experimental 
study.  Using  the  theory  the  following  experimental  objectives 
were  def ined . 

1.  To  predict  the  slope  of  the  equilibrium  adsorption 
isotherms  of  a  component  of  a  binary  gas  mixture  by 
running  a  dynamic  breakthrough  experiment. 

2.  To  construct  a  PSA  system  to  separate  oxygen  from  air 
and  compare  the  experimental  performance  with  the 
predictions  of  the  theory. 

III.  BACKGROUND 

PSA  works  on  the  basis  of  preferential  adsorption  of  one 
component  of  a  mixture  on  an  adsorbent  solid.  An  adsorbed 
component  can  be  partially  removed  from  the  solid  by  decreasing 
the  pressure  of  the  gas  around  the  solid.  Hence,  by  "swinging 
the  pressure"  from  high  to  low  a  strongly  adsorbed  component 
can  be  trapped  via  adsorption  at  high  pressure  and  released  via 
desorption  at  low  pressure. 


approximately  occur.  As  a  result,  the  assumption  will  be 
supported  if  the  feed  rate  is  low  resulting  in  slower  cycling 
of  the  process. 

2.  Linear,  uncoupled  isotherms:  The  requirement  of  un¬ 
coupled  isotherms  means  that  the  adsorption  of  each  component 
is  only  a  function  of  its  partial  pressure  and  is  independent 
of  the  adsorption  of  the  other  component.  Miller  [2]  showed 
that  for  the  nitrogen-oxygen  binary  at  24°C  and  up  to  2000  mm  Hg 
the  coupling  is  negligible.  The  constraint  of  linear 
isotherms  passing  through  the  origin  is  favored  at  high  tempera¬ 
tures  and  low  pressures. 

3.  Negligible  dispersion  -  The  dispersion  coefficient, 
which  is  a  measure  of  the  dispersion  forces  in  a  flowing  sys¬ 
tem,  can  be  roughly  broken  into  two  components:  one  due  to 
mixing  at  high  velocities  and  one  due  to  molecular  diffusion. 

By  operating  the  PSA  system  with  long  cycles  (i.e.  low  velocities) 
the  mixing  component  should  be  small.  Additionally,  the  mole¬ 
cular  diffusion  dispersion  component  should  not  be  significant. 

4.  Zero  pressure  drop  along  a  packed  bed  during  feed  and 
purge  steps:  In  reality  thid  cannot  be  achieved  but  it  can  be 
approximated.  Slow  cycling  of  the  process  also  favors  this 
assumption  and  the  average  pressure  can  be  used  in  calculations 
with  little  loss  in  accuracy. 

5.  Isothermal  operation:  The  heats  of  adsorption  of 
nitrogen  and  oxygen  on  molecular  sieve  5 A  (adsorbent  used  in 
this  study)  are  less  than  5  /gmole.  Consequently,  the 
thermal  effects  of  adsorption  are  mild  but  quite  noticeable. 

Also,  duing  depressurization  there  is  a  significant  temperature 
drop.  In  general,  at  pressures  less  than  45  PSIA  and  tempera¬ 
tures  above  20°C  the  temperature  of  the  PSA  process  designed 
for  this  study  is  maintained  within  a  ±4°C  range.  At  lower 
pressures  and  higher  temperatures  the  quantity  of  material 
adsorbed  decreases  resulting  in  a  better  approximation  of 
isothermal  operation. 
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was  used  in  the  identical  experiment.  It  is  reasonable  to 
assume  that  n~c18H38  cannot  significantly  enter  the  zeolite 
lattice.  A  statistically  equal  void  fraction  was  determined 
in  the  n-C^H^  experiment  as  Table  1  indicates. 

Table  It  Results  of  Void  Fraction  Experiments 


Run  # 


1 

C6H12 

.492 

2 

C6H12 

.477 

3 

C6H12 

.463 

4 

C6H12 

.476 

Cyclohexane  g  -  .477  ±  .012 

n-Cl8H38  *481 


CfiH12  +  n-Cl8H38  ?  =  .478  ±  .010 

fs  =  .810  ±  .002 

»  1.552  ±  .03 

B.  Equilibrium  Isotherm  Measurement 

Nitrogen  and  oxygen  isotherms  were  measured  at  30°C,  45°C, 
and  60°C.  The  apparatus  constructed  to  perform  the  measurements 
is  shown  in  Figure  3.  The  isotherrms  are  presented  in  Figures 
4  and  5.  The  measurement  procedure  involves  the  addition  of 
a  known  amount  of  gas  to  bomb  A  followed  by  the  distribution 
of  the  gas  in  bombs  A  and  B  where  bomb  B  contains  a  known  weight 
of  zeolite.  Given  the  particle  density,  volumes  of  the  apparatus 
and  the  equilibrium  pressure  and  temperature  the  isotherms  can 
be  determined. 

As  noted  earlier,  the  applicability  of  the  theory  is 
limited  to  linear  isotherms.  The  nitrogen  isotherms  are 
approximately  linear  at  45°C  and  60°C  in  the  pressure  domain 
studied.  Oxygen  is  linear  for  each  isotherm  in  the  pressure 
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Table  2s  Equilibrium  Isotherms  From  Breakthrough 


System 

Method* 

P(psia) 

O 

O 

Ui^/s 

Kbreak 

Keo 

eM 

4%rel.to  Ke<J** 

n2(a)-o2(b) 

1 

3.0 

24 

14.64 

24.42 

23.62 

+3.4 

n7(a)-o7(b) 

2 

45 

45 

7  .46 

8.56 

8.24 

+3.9 

n9(a)-o7(b) 

2 

45 

60 

6.45 

7.27 

7.55 

-3.7 

02(A)-Ar(B) 

1 

14.7 

20 

3  .88 

7.22 

6.94 

+4.0 

02(A)-Ar(B) 

1 

14.7 

45 

4.24 

4.99 

4.73 

+5.5 

02(A)-Ar(B) 

1 

14.7 

60 

4.4  4 

4.05 

3.71 

+9.2 

Ave.  absolute  A%  -  4.95% 


♦1-breakthrough,  2-PSA 


D.  PSA  Studies 

A  schematic  of  the  process  built  to  produce  oxygen  from  air 
is  given  by  Figure  7.  The  process  operates  on  the  six-step 
cycle  shown  in  Figure  1.  An  important  performance  characteristic 
of  a  PSA  unit  is  the  recovery  of  the  product.  Recovery  is 
the  ratio  of  the  product  flow  of  the  light  component  divided  by 
the  feed  rate  of  the  light  component.  The  theory  predicts  a 
maximum  theoretical  recovery  given  by  equation  [3]: 


R  -  (1-/>  (L  -  rnkp  ) 

where 


[3] 


[4] 


[5] 
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Fig.  1)  are  given  in  Table  3.  The  s 
local  equilibrium  assumption  is  appr 
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FfQ.6:  SCHEMATIC  OF  SYSTEM  USED  TO  STUDY  BREAKTHROUGH 
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ABSTRACT 


Knowledge-based  export  systems  make  heavy  demands  on 
the  machines  supporting  them.  In  particular /  when  a  large  body 
of  knowledge  is  paged  into  secondary  storage ,  the  critical  problem 
is  the  "I/O  bottleneck"  as  the  pages  of  data  are  brought  in  for 
processing.  In  the  following »  I  review  research  into  handling 
this  problem/  covering  the  range  from  hardware  to  software/  and 
including  new  decentralized  machines/  VLSI  memories/  database 
machines  and  other  special  purpose  architectures/  pipelining 
and  parallelisms/  locality  of  reference/  and  cognitive  economy. 
Proposals  are  made  for  increased  knowledge  about  patterns  of  ref¬ 
erence/  a  survey  of  current  symbolic  languages/  implementation 
of  promising  "paper"  machines/  and  generally  a  closer  harmony 
between  the  architecture  of  the  machine  and  the  architecture  of 
the  algorithms  for  its  use. 
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I.  INTRODUCTION 


In  recent  years  it  has  finally  become  possible  to  realize 
a  dream  of  scientists  in  many  fields-- an  expert  assistant  program 
to  aid  in  fact  retrieval  and  problem-solving.  Such  artificial  intel¬ 
ligence  systems  were  envisioned  in  the  1960 's,  but  neither  the 
machines  nor  the  conceptual  tools  were  ready.  He  are  now  gaining 
the  capability  to  realize  them  with  tremendously  larger  and  faster 
machines/  the  experience  of  the  database  community  in  the  organi¬ 
zation  and  access  to  large  bodies  of  knowledge/  and  new  conceptual 
models  and  heuristics  for  dealing  with  complex  problems. 

An  expert  system  consists  firstly  of  a  body  of  facts 
from  the  specific  domain  and  relations  between  the  facts/  and 
generally  is  so  large  in  size  that  it  cannot  be  contained  in  memory 
but  must  be  paged  into  secondary  storage.  This  is  termed  the  exten- 
sional  database  (edb)/  and  may  resemble  a  standard  relational 
database.  The  second  part  of  an  expert  system  is  a  body  of  rules 
of  inference/  which  may  include  problem-solving  heuristics  and 
"beliefs"  of  the  system.  This  is  termed  the  intensional  database 
(idb)z  and  is  generally  much  smaller  in  size  than  the  edb. 

There  are  a  number  of  well-accepted  expert  systems/  among 
them  those  in  the  fields  of  medical  diagnosing  (MYCIN) /  VLSI  design/ 
electronic  fault  diagnosis/  molecular  analysis  ( DENDRAL ) ,  and 
natural  language  understanding  (HEARSAY  II).  For  an  excellent 
tutorial  on  expert  systems/  see  Stefik  et  al/  1982  [A12]. 

Future  and  currently  developing  systems  include  robot 
planning,  expert  assistants  for  Air  Force  pilots/  automatic  pro¬ 
gramming  and  program  verification/  image  processing  systems/  and 
machine  translation  from  one  natural  language  to  another.  The  widely- 
known  Japanese  "Fifth  Generation"  research  effort  is  a  serious  and 
well  financed  project  to  implement/  among  other  things/  very  large 
scale  expert  systems  and  machines  capable  of  running  them  [see  H13]. 

Many  expert  systems  are  implemented  in  the  framework  of 
symbolic  logic  programming/  rather  than  the  better-known  procedural 
programming  used  in  "number-crunching"  applications.  Non-procedural 
languages  such  as  Lisp  and  Prolog  are  often  used.  (Prolog  and  its 
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variants  wars  chosen  by  the  Japanese  Fifth  Generation  researchers. } 
The  basic  unit  in  logic  programming  is  the  Horn  clause, 
of  the  general  form 

P  * Q1 , Q2 , Q3 , . • • ,  Qn 
<Head>  <Body> 

signifying  that  P  is  true  if  Q1  up  to  Qn  are  true.  The  Qi's  may 
be  facts  or  other  Horn  clauses/  requiring  proofs  of  their  own.  A 
fact  is  represented  by  a  clause  with  no  body  but  a  head  containing 
only  constants.  A  rule  is  a  clause  with  a  head  and  a  body  which 
contains  variables.  A  clause  with  a  body  only,  containing  constants 
is  called  a  ground  goal  and  may  be  submitted  to  the  edb  for  veri¬ 
fication  of  its  constituents.  A  clause  with  a  body  only,  containing 
variables,  is  called  a  goal  or  query. 

The  process  of  satisfying  a  query  is  called  resolution, 
and  proceeds  by  the  rules  of  first-order  logic,  gradually  reducing 
the  query  to  a  list  of  unit  ground  clauses  or  facts  which  need  to 
be  shown  (ground  goal ) ,  and  then  accessing  the  edb  for  the  truth- 
value  of  these  clauses.  Traditionally  in  logic  programming,  the 
set  of  facts  (edb)  and  rules  (idb)  with  the  same  header  name  are 
stored  together  in  procedures,  and  the  set  of  these  procedures 
(the  program)  is  small  enough  to  fit  in  main  memory.  (For  a 
tutorial  on  logic  programming,  see  Kowalski  [AS].) 

A  relational  database  stores  information  as  relations, 
which  are  two-dimensional  arrays.  Columns  represent  fields  or  attri 
butes,  and  rows  represent  individual  records,  also  called  tuples. 
All  data  is  represented  in  this  fashion,  as  flat  files.  The  fun¬ 
damental  operations  of  relational  algebra  are:  select  (choose  a 
set  of  tuples  from  a  relation);  project  (form  a  new  relation 
leaving  out  certain  fields,  then  eliminate  duplicate  tuples); 
and  join  (the  set  of  tuples  formed  by  the  cartesian  product  of 
two  relations. 

Relational  database  has  a  well-developed  theoretical 
basis,  and  is  the  most  popular  database  model  today.  Other  common 
models  are  network  and  hierarchical,  and  their  use  seems  more 
natural  in  some  applications. 

The  database  community  has  long  been  dealing  with  the 
problems  of  organizing  large  amounts  of  data  and  retrieving  them 
from  storage  in  a  fast  and  efficient  manner.  As  intelligent 


systems  have  moved  from  hypothesis  to  reality ,  it  has  become 
clear  to  some  Al  workers  that  they  share  many  of  these  concerns. 
Database  applications  have  also  been  moving  toward  more  complex 
queries  and  data  models/  involving  some  degree  of  intelligence 
on  the  part  of  the  system/  as  well  as  an  actively  helpful  user 
interface.  In  fact/  logic  programming  languages  have  been  suc¬ 
cessfully  used  as  database  query' languages  [L4].  The  overlap  of 
database  and  artificial  intelligence  activities  is  known  as 
knowledge  base/  and  is  generally  conceived  to  consist  of  a  large 
body  of  facts,  and  their  associated  rules  of  inference. 

II.  OBJECTIVES 

As  soon  as  the  knowledge  base  program  gets  big  enough  to 
overrun  memory  onto  secondary  storage/  which  is  the  case  in  most 
intelligent  systems/  the  problem  of  speed  of  access  to  the  facts 
and  rules  becomes  critical.  This  is  the  ”1/0  bottleneck,”  and 
the  objective  of  my  summer  research  was  to  explore  the  various 
techniques,  running  through  the  spectrum  from  hardware  to  software 
being  considered  to  ameliorate  this  problem. 

In  Section  III,  the  following  hardware  design  ideas  are 
examined: 

*  memory  large  enough  to  hold  entire  database 

*  content-addressable  memories  and  memory  machines 

*  new  massively  parallel  machines 

*  high-speed  database  machines  and  accelerators 

*  use  of  special  purpose  function  architectures  (SPFA's) 

Section  IV  concerns  logical  design  and  optimizations  at 
the  interface  between  hardware  and  software: 

*  compiled  or  proof-plan  approach  and  its  variants 

*  partial  and  multiple  key  hashing 

*  promises  and  difficulties  of  parallelisms 

*  pipelined  implementations 

*  query  optimization,  both  semantic  and  syntactic 

*  comprehensive  cached  directories 


In  Section  V,  I  discuss  algorithmic  issues ,  including: 

*  locality  of  reference  and  continuity  of  reference 

*  multiple  data  views/  inducing  continuity  of  reference 

*  meta-expert  systems  to  extract  and  organize  information 
from  a  human  expert 

*  cognitive  economy— system  self-optimization 

Section  VI  contains  recommendations  for  future  research 
into  specific  topics  chosen  from  these  subjects.  The  knowledge 
base  applications  field  is  very  active  now/  in  a  variety  of  direc¬ 
tions/  and  one  of  its  most  pressing  needs  is  a  general  overview 
integrating  the  interests  and  knowledge  of  the  various  groups  in¬ 
volved:  the  hardware  and  software  groups,  and  the  artificial 
intelligence  and  database  groups.  Without  coordination,  coop¬ 
eration  and  mutual  understanding  between  disciplines,  we  cannot 
keep  the  strategic  edge  in  future  development.  My  recommendations 
include  calls  for  this  kind  of  coordination,  as  well  as  specific 
software  and  hardware  projects. 

III.  HARDWARE  DESIGN 

Much  of  the  thrust  in  current  hardware  research  is  to 
develop  a  high  degree  of  parallelism.  A  large  number  of  new 
machines  have  been  designed  and  a  few  implemented.  The  usual 
organization  has  a  large  number  ( 10a  to  10*)  of  processing 
and/or  memory  elements,  which  may  or  may  not  be  under  central 
control.  A  sequential  machine  is  limited  to  one  focus  of  attention 
and  operates  SISD  (single  instruction,  single  data  stream). 

Opposed  to  this  is  MIND  (multiple  instruction,  multiple  data 
streams),  which  can  either  have  a  central  controller  or  run  by 
data  flow,  in  data-flow  operation,  each  processing  element  works 
on  a  job  when  it  has  all  the  necessary  data,  and  sends  its  results 
on  to  the  next  one.  (See  [H9]  for  an  introduction  to  data-flow 
architecture.)  As  in  a  human  group  endeavor,  coordination  between 
these  processors  is  a  major  problem.  Following  is  a  brief 
description  of  a  number  of  these  and  other  parallel  architectures. 


As  memory  becomes  cheaper  and  denser/  it  becomes  prac¬ 
tical  to  look  at  machines  with  main  memory  so  large  that  they  do 
not  need  secondary  storage.  The  I/O  bottleneck  is  eliminated/ 
to  be  replaced  by  at  least  two  other  problems:  the  need  for  non¬ 
volatile  storage/  and  organization  of  and  access  to  such  a  large 
internal  store.  The  latter  can  be  a  bottleneck  of  its  own/  but 
orders  of  magnitude  faster. 

The  ESP  MMM  (Massive  Memory  Machine  [H7])  is  one  effort 
at  such  a  machine.  There  are  up  to  100  processors/  each  with  large 
local  memory  and  caches.  It  is  ordinarily  run  SISD,  with  each 
processor  having  a  copy  of  the  program.  The  processor  which  owns 
the  current 'data  has  the  lead/  broadcasting  its  data  to  the  others. 
This  machine  is  still  theoretical. 

The  Connection  Machine  [H8]  has  a  large  front-end  proces¬ 
sor/  with  the  Connection  Memory  handling  references.  This  is 
composed  up  millions  of  tiny  cells/  passing  messages  through  their 
neighbors.  Each  cell  has  a  few  words  of  memory/  a  small  list  of 
known  addresses/  a  state  vector  and  a  rule  table  telling  it  how 
to  behave  when  messages  arrive.  If  a  cell  knows  one  of  its  neigh¬ 
bors  is  faulty/  it  will  not  route  messages  through  it/  so  other  than 
the  loss  of  local  information/  the  network  will  survive  faults. 

Data  in  the  Connection  Memory  is  organized  as  nodes  which 
are  balanced  binary  trees  of  cells.  The  nodes  are  connected  in  a 
semantic  network,  to  enable  match,  partial  match,  tree  search, 
and  other  symbol  processing  in  a  natural  way.  There  are  plans  to 
build  a  slice  of  this  memory  and  it  will  be  interesting  to  see 
its  operation  if  it  is  built. 

DIRECT  [H5J  is  another  architecture  for  implementing  large 
relational  databases.  There  are  query  processors  and  memory  proces¬ 
sors,  and  an  interconnection  matrix  with  shared  associative  memory. 
Data  is  in  mass  storage  and  brought  into  the  pages  with  high  band¬ 
width.  DIRECT  has  been  built,  and  exhibited  considerable  overhead 
for  concurrency  control,  due  to  its  centralized  architecture  [H3]. 

The  Delta  machine  has  been  built  by  ICOT.  It  has  a  very 
large  cache  memory,  from  16  to  128  Mbyte,  said  to  be  fail-safe. 

There  is  an  intelligent  disk  controller,  and  pipelined  data  streams. 
Data  is  indexed  both  by  address  and  attribute  values.  Parallelism 
is  implemented  in  fetch  of  pages  from  secondary  memory,  and  trans- 


far  back  Co  Che  hierarchical  cache  memory  afCer  processing.  The 
designers  are  considering  Che  use  o£  redundancy  in  daCa  storage , 
raCher  Chan  jusC  mulCiple  indexing ,  Co  speed  up  access  [H12]. 

The  MPP  is  being  builC  by  Goodyear  for  image  processing 
[H4].  IC  conCains  2***  processing  elemenCs  (PE s)  with  Cheir  own 
memories  and  a  central  program  and  data  management  unit/  and  has 
SIMD  operation.  Tuples  in  Che  relations  are  stored  one  Co  a  pe, 
so  selections/  projections  and  joins  can  be  highly  parallel. 

The  Boltzmann  machine  has  large  numbers  of  value-passing 
processors  [H6].  This  highly  innovative  theoretical  architecture 
is  patterned  largely  on  what  is  known  of  the  activities  of  the 
brain.  Information  is  stored  as  patterns  of  weighted  links  between 
nodes.  This  machine  has  the  potential  for  handling  set  operations/ 
best  match,  and  other  Al/knowledge  base  activities  in  a  unique 
fashion,  and  it  will  be  interesting  to  see  an  implementation  of  it. 

ZMOB  has  a  ring  architecture  with  up  to  256  Z-80  micro¬ 
processors,  a  host  VAX  and  a  conveyor-belt  type  message-passing 
communication  system.  Data  may  be  accessed  by  address  or  by  con¬ 
tent.  This  has  been  partly  implemented  at  the  University  of 
Maryland  [Hll]. 

There  are  a  number  of  database  machines  and  parallel 
accelerators  about,  some  available  in  the  marketplace.  Sequential 
machines  such  as  the  Britton— Lee  IDM  500  are  designed  especially 
for  fast  and  efficient  database  operations,  and  sometimes  include 
pipelining  for  greater  speed.  The  STARAN  and  ASPRO  projects  use 
content-addressable  internal  store  for  parallel  processing,  but 
data  must  still  be  loaded  from  disks.  Database  machines  give  fast 
handling  of  sorts  and  joins  and  other  data  manipulations.  However, 
unless  a  much  higher  bandwidth  can  be  attained  in  the  transfer  of 
data  from  secondary  storage,  we  still  have  the  I/O  bottleneck  problem 
([HI]}.  There  are  physical  considerations  preventing  much  more  speed 
gain  in  disk  access,  and  implementation  of  parallelism  involves  a 
lot  of  concurrency  control. 

Generally,  it  may  be  noted  that  some  tasks  are  inherently 
sequential,  regardless  of  the  researcher's  desire  to  introduce 
parallelism.  It  is  thus  pointless  to  impose  the  considerable 
overhead  in  control  needed  to  implement  parallelisms  unless  the 
task  at  hand  requires  it.  Even  in  a  parallel  machine,  facility 


must  be  maintained  for  efficient  sequential  processing  as  well. 

An  evolutionary  way  to  improve  architectures  for  knowledge 
base  is  by  means  of  special  purpose  function  architectures  (SPFA's, 
see  [H2]).  Starting  with  a  computer  which  has  a  number  of  high-level 
knowledge-base  functions  implemented  in  software,  the  specific 
functions  causing  bottlenecks  can  be  implemented  in  hardware  using 
appropriate  parallelism  (for  instance  merge  sorting,  text  search 
or  data  directories).  Eventually  a  series  of  plug-in  modules  is 
envisioned  to  tailor  a  computer  to  the  execution  of  its  tasks. 

An  SPFA  development  facility  has  been  proposed  in  [H10],  where 
candidate  SPFA's  can  be  designed,  emulated,  built  and  moved  into 
the  working  environment. 

Inherent  in  a  lot  of  these  new  machines  and  architec¬ 
tures  are  VLSI  chip  designs,  and  certainly  as  such  chips  get 
denser  and  cheaper,  and  improved  design  methods  are  developed, 
architectures  will  benefit.  Another  common  theme  is  content- 
addressable  or  associative  memories.  These  are  currently  very 
expensive,  and  are  usually  put  to  use  in  a  cache  in  central  memory 
to  which  data  is  paged.  However,  in  this  arrangement,  the  time- 
cost  of  moving  pages  in  far  overshadows  the  benefits  of  associa¬ 
tive  search.  There  is  still  a  promising  future  for  these  devices 
if  costs  are  brought  down  so  that  it  is  practical  to  have  much, 
or  all,  of  memory  associative. 


IV.  LOGICAL  DESIGN  AND  HARDWARE/SOFTWARE  INTERFACE 

Many  of  the  present  and  proposed  future  knowledge  base 
and  expert  systems  are  based  in  logic  programming,  and  there  are 
a  number  of  ways  to  optimize  their  use  of  the  machine.  I  will 
discuss  these  first,  and  then  other  subjects  in  this  area. 

As  stated  in  the  introduction,  satisfying  a  user's  query 
proceeds  by  first-order  logic  until  ground  goals  are  reached,  at 
which  point  the  edb  is  queried  as  to  the  truth  (or  existence)  of 
facts  satisfying  these  goals.  There  are  several  ways  to  organize 
this  process.  The  figure  below  shows  a  logical  proof-tree. 
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P  is  true  if  Q1  OR  Q2  OR 
(Q3  +  Q4  +  Q5)  are  true 
Q1  is  true  if  R1  +  R2  are 
true 

Q3  is  true  if  ( R3  +  R4  +  R5 ) 
are  true 


Figure  1.  AND-OR  logical  tree.  AND  branches  are  connected  by  an 
extra  line.  The  leaves  of  the  tree  (inside  the  dotted 
line)  are  ground  goals ,  and  will  be  checked  against 
the  facts  in  the  edb. 

The  interpreted  method  proceeds  depth-first ,  following 
the  logical  AND-OR  tree  out  to  a  leaf,  checking  that  fact,  and 
proceeding  lef t-to-right.  Failure  of  a  fact  to  be  true  causes 
backtracking  to  the  last  choice  point,  and  examination  of  an¬ 
other  branch.  This  is  the  original  implementation  of  Prolog 
[L14].  It  is  exhaustive,  but  can  end  up  in  a  loop  due  to 

recursion,  or  spend  a  lot  of  time  in  unfruitful  parts  of  the 

tree,  and  often  runs  very  slowly. 

The  compiled  or  proof-plan  approach  [L4]  does  all  the 
logical  deduction  at  one  time,  following  every  possible  path  out 
to  the  sets  of  facts  that  have  to  be  true  to  satisfy  the  query. 

Then  when  a  user  query  comes  in,  the  appropriate  plan  and  set  of 

facts  is  pulled  out,  and  all  the  edb  accesses  are  made  at  one  time. 

These  can  be  optimized,  and  a  look-ahead  done  to  bring  in  pages 
anticipating  their  use.  However,  any  change  to  the  idb  will  require 
recompiling  the  proof -plans,  so  this  method  is  impractical  for  a 
volatile  idb. 

These  two  methods  do  not  exhaust  the  possibilities.  Plans 
may  be  generated  to  order  upon  user  query,  and  the  edb  accesses 
grouped  and  optimized.  These  plans  may  be  saved  for  future  ref¬ 
erence,  though  in  an  evolving  knowledge  base,  some  means  must  be 
used  to  keep  track  of  the  truth  or  relevance  of  the  plans  over  time. 
Partial  proof-trees  may  be  indexed  and  stored,  and  patched  together 
quickly  upon  user  queries  [L7]. 

Proof-plan  generation  could  also  take  place  to  a  certain 
point  (depending  on  the  application),  generating  a  group  of  edb 
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accesses  which  could  be  optimized  together.  Upon  the  success  or 
failure  of  this  portion/  further  deduction  in  one  direction  or 
another  would  then  take  place.  This  method  has  the  advantage  of 
pruning  a  large  search-tree/  and  would  spend  little  time  in  an 
unfruitful  area.  It  has  been  little-explored  by  researchers/ 
although  it  seems  to  be  much  like  human  problem-solving/  and  I 
believe  it  merits  further  consideration. 

Other  approaches  to  hardware /software  optimization  in¬ 
clude  parallelisms  and  pipelining/  and  various  means  of  indexing 
and  accessing  data.  There  is  considerable  present  research  into 
parallelisms  of  logic  programming/  especially  by  the  Fifth  Gen¬ 
eration  group.  On  paper/  AND  and  OR  parallelisms  in  logical  trees 
are  easy  to  implement.  But  once  these  are  implemented  on  actual 
machines/  the  control  overhead  between  the  processes  competing  for 
data  and  resources  often  overwhelms  the  advantages  gained  [Lll]. 

Lower-level  pipelining  seems  a  much  more  promising  direc¬ 
tion.  Tick  and  Warren's  design  [L12]  utilizes  pipelined  micro¬ 
instructions/  an  interleaved  memory  access/  and  copying  of  execution 
structures  rather  than  structure-sharing.  Optimizations  of  this 
type  well  below  the  user  level  require  little  concurrency  control 
and  give  signif icantly  faster  operation. 

Proof-trees  are  often  short  and  bushy/  and  in  this  case 
parallel  edb  access  (which  is  currently  being  done  by  advanced 
database  techniques  and  machines)  can  mean  a  big  improvement. 

For  this  reason/  the  compiled  proof-plan  technique  and  its  var¬ 
iants  are  a  promising  direction  for  research.  Since  the  idb  is 
conceived  to  be  much  smaller  than  the  edb/  storage  of  proof-plans 
is  a  small  price  to  pay  for  the  gain  in  speed. 

Optimization  of  sets  of  queries  of  relational  database 
and  knowledge  base  can  be  done  by  the  careful  combination  of  opera¬ 
tions  and  correct  choice  of  their  precedence  (see  [LI]'  [L5] ,  [L10] , 
[L13]).  A  lot  of  work  is  being  done  in  this  area.  Additionally/ 
look-ahead  can  be  done  to  bring  in  pages  prior  to  their  use  and 
save  on  page  faults. 

At  a  lower  level,  and  independently  of  whether  paral¬ 
lelism  is  used,  several  kinds  of  indexing  and  hashing  can  improve 
search  performance.  Superimposed  codewords  [L15]  may  be  generated 
for  each  item  in  the  database,  and  a  directory  kept  of  these  words 


with  pointers  to  the  item.  A  query  (which  often  involves  a  partial 
match)  will  also  generate  a  codeword/  and  matching  of  codewords 
quickly  produces  a  list'of  relevant  records  (and  possibly  some 
others/  called  "false  drops”).  A  hashing  function  may  be  keyed 
on  several  fields  in  the  record/  rather  than  just  the  primary 
key /  aiding  retrieval  of  information  without  costly  inverted  in¬ 
dices.  A  descriptor  file  may  be  kept  for  each  page  of  memory/  which 
determines  what  records  are  present  (by  the  logical  OR-ing  of 
descriptors  of  all  the  records  on  that  page).  See  [L8]  and  [L9] 
for  implementation  of  these  methods  to  simulate  content-addressa¬ 
bility  without  paying  the  hardware  price. 

Another  means  to  gain  speed  in  knowledge-base  access  is 
a  comprehensive  directory  kept  in  cache  memory.  Humans  know  in¬ 
stantly  when  they  do  not  know  something  [SI]  and  do  not  waste 
time  searching  in  memory  for  it.  For  example/  I  know  my  grand¬ 
mother's  first  name/  and  I  know  Z  do  not  know  her  middle  name/ 
and  although  I  don't  recall  her  maiden  name/  I  could  find  it  in 
memory  with  a  search.  If  a  system  kept  a  directory  of  facts/  listed 
by  various  indices/  it  would  save  time  spent  searching  in  slow 
secondary  storage  for  facts  that  were  not  in  the  database.  In  addi¬ 
tion/  storage  of  semantic  relations  (rules)/  with  information  as  to 
number  and  type  of  arguments/  would  immediately  eliminate  a  number 
of  ill-formed  queries  (Stanley  SU/  personal  communication/  and 
[L5]).  For  instance/  mother-of (chair )  would  be  invalid  since 
chairs  are  not  living/  and  mother-of (george )  would  return  only 
one  answer  and  not  continue  to  search  the  knowledge  base  for  others. 
A  disadvantage  of  directories  is  the  update  problem  in  an  evolving 
or  changing  database/  which  could  be  quite  costly  in  time  and 
effort.  Usefulness  of  this  method  would  depend  heavily  on  the 
characteristics  of  the  application.  For  an  architecture  designed 
to  keep  these  directories/  see  [L3]. 

V.  ALGORITHMIC  ISSUES 

The  theme  of  the  algorithmic  issues  is  the  optimally 
efficient  representation  of  knowledge.  Tackling  the  I/O  bottleneck 
here  means  minimizing  the  difficulties  of  search.  There  are  two 
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kinds  o£  search  in  knowladgs-bass  programming — fact  retrieval # 
and  heuristic  search  or  search  for  a  proof-plan  or  an  answer  using 
the  rules  of  inference.  See  Eastman's  paper  [A6]  for  a  compre¬ 
hensive  review  of  searching. 

Pact  retrieval  benefits  from  specialized  data  struc¬ 
tures  which  represent  the  "world”  in  a  way  that  promotes  locality 
of  reference.  A  complex  expert  system  may  involve  several  repre¬ 
sentations  or  views  of  its  world.  (See  [A10]  for  an  implementation 
of  views  in  Prolog.)  The  views  should  be  designed  so  that  a  small 
change  of  input  data  or  query  remains  local  (causes  only  small 
changes)  to  at  least  one  view.  For  instance ,  Randall  Davis  [A3] 
describes  an  electronic  trouble-shooter  that  considers  physical 
adjacency/  thermal  adjacency#  and  functional  organization.  These 
views  are  layered#  with  paths  of  causality  between  them#  and  the 
expert  system  considers  the  most  restrictive  view  first.  Data 
structures  which  store  information  on  complex  systems  by  a  well- 
designed  hierarchy  of  views  can  optimize  the  program's  use  of 
memory.  Redundancy  may  be  used  to  advantage#  saving  time  at  the 
expense  of  space  (storage  space  is  comparatively  cheap). 

Heuristic  search  can  benefit  enormously  from  the  pruning 
of  search  trees  by  me ta -know ledge ,  i.e.#  knowledge  about  problem¬ 
solving  techniques#  suggestions  about  profitable  and  unprofitable 
branches,  past  experience,  decomposition  of  tasks  into  subtasks# 
and  generalization  and  analogy.  A  program  that  uses  higher-level 
problem-solving  techniques  can  avoid  the  combinatorial  explosion 
of  search  trees  that  will  occur  with  the  brute-force  techniques. 

An  expert  system  should  also  be  able  to  communicate  its  meta¬ 
knowledge  to  the  user  [SI]. 

Knowledge-compilers  can  also  be  used  to  translate  one 
representation  into  another  that  can  be  used  more  efficiently 
[All].  Another  form  of  knowledge  compiling  is  an  evolutionary 
knowledge  base#  where  the  results  of  queries  are  added  to  the 
knowledge  of  the  program.  In  many  expert  systems#  conclusions 
must  be  based  upon  incomplete  information#  and  subsequently  revised 
as  new  information  comes  in.  Classic  monotonic  logic#  in  which 
beliefs  are  based  on  axioms  and  previously  proved  beliefs  and 
always  remain  true#  lacks  the  tools  to  deal  with  this  situation. 
Some  system  for  routine  revision  of  beliefs#  such  as  Doyle's 
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Truth  Maintenance  [A4] ,  is  needed  for  knowledge  base  programs 
that  deal  with  incomplete  worlds.  Current  research  is  touching 
on  systems  that  revise  their  opinions  and  learn  from  their  mistakes. 

The  use  of  very  high  level  non-monotonic  rules  (hints)* 
from  user  or  programmer*  can  be  a  valuable  heuristic  for  certain 
types  of  problems  [A7]. 

The  question  of  physical  locality  of  reference  is  a 
serious  one  in  large  applications.  Physical  locality  implies  that 
as  a  program  executes  over  time*  it  stays  generally  within  a  small 
subset  of  pages  in  virtual  memory*  only  gradually  moving  its 
center  of  interest.  Clearly  a  program  whose  memory  references 
are  nearly  at  random  over  a  large  database*  causing  constant  page 
faults*  will  be  ineffective  and  perhaps  so  slow  as  to  be  useless. 

It  is  presently  unknown  to  what  extent  large  knowledge¬ 
base  systems  exhibit  physical  locality  of  reference.  An  important 
and  little-studied  subject  is  that  of  methods  of  knowledge  engin¬ 
eering  that  maximize  such  locality*  and  thus  promote  operating 
efficiency. 

In  general*  we  cannot  hope  to  gain  the  kind  of  perform¬ 
ance  we  need  from  know ledge -based  programming  unless  there  is  a 
natural  and  simple  mapping  from  high-level  knowledge  representa¬ 
tions  in  software  to  the  hardware  architecture  supporting  it. 
Buchanan  [A2] *  in  an  excellent  paper  on  knowledge  engineering* 
states*  "The  choice  of  representation  for  the  expert’s  knowledge 
must  be  a  compromise  between  what  is  natural  and  easy  for  the 
expert  and  what  is  natural  and  easy  for  the  programmer."  This  is 
true*  but  we  must  go  further  than  that  and  write  a  program  whose 
abstractions  convert  to  a  fast-running  and  efficient  utilization 
of  the  machine. 

The  presently  used  methods  to  transfer  human  expert  knowl¬ 
edge  to  the  expert  system  are  1)  handcrafting — the  programmer 
either  becomes  an  expert  or  confers  with  one;  2)  interactive 
dialog — for  an  instructive  example  see  [A5];  3)  automatic  rule 
formation — the  empirical  generation  of  rules  from  examination 
of  a  large  number  of  facts  [A2]. 

The  principle  of  cognitive  economy  (Lenat  et  al.*  [A9]) 
may  be  used  with  any  of  the  above  methods  to  optimize  the  data 
representation.  The  classic  goal  in  data  representation  is  expres- 
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sability(  typified  by  very  high  level  language/  multiple  levels 
of  abstraction/  minimal  non-redundant  representations/  and  in¬ 
ference  by  pattern-directed  knowledge  sources.  For  cognitive 
economy/  the  second  goal  of  efficiency  is  added.  Lenat  suggests 
relaxing  the  tighter  constraints  of  expressability /  and  gaining 
efficiency  by  three  methods: 

1)  dynamic  self-monitoring  and  self-modification/  in¬ 
cluding  program  constructs/  data  representation  and  physical  data 
storage  (a  very  difficult  subject  and  not  one  from  which  we  can 
expect  quick  results); 

2)  the  caching  of  computed  results/  i.e./  frequently 
computed  values  (easily  done)/  successful  search  paths  and  algo¬ 
rithms  for  later  use/  and  preliminary  or  partial  results  which 

are  needed  often  (here  a  belief  revision  system  might  be  necessary). 

3)  expectation-filtering/  valuable  in  diagnosis  or  ex¬ 
ploratory  systems/  in  which  unexpected  results  should  cause 
belief  revision. 

Cognitive  economy  is  a  difficult  but  potentially  reward¬ 
ing  subject.  The  methodology  of  building  expert  systems/  and 
me ta -know ledge  for  the  user/  are  receiving  a  good  deal  of  attention 
at  present.  I  believe  research  into  locality  of  reference  is  the 
most  pressing  need  in  the  software  area/  both  as  to  the  locality 
evidenced  by  running  systems/  and  methods  of  increasing  this 
locality. 

VI.  RECOMMENDATIONS 

+  A  study  into  physical  locality  of  reference  is  my  strong¬ 
est  recommendation.  It  is  not  presently  known  to  what  extent  working 
systems  exhibit  physical  locality  of  reference/  and  what  can  be 
done  to  increase  this.  I  suggest  the  examination  of  a  number  of 
knowledge-base  programs  running  on  their  host  machines/  counts  of 
page  faults/  and  analysis  of  which  program  operations  cause  them. 
Research  into  optimal  page  sizes  and  paging  strategies  should  also 
be  done  specific  to  know ledge -base -type  systems. 

The  types  of  knowledge  representation  that  lead  to  easy 
implementation  of  locality  of  reference  should  also  be  examined. 


We  cannot  afford  the  luxury  of  awkward  and  tine -consuming  mappings 
from  higher-level  data  structures  to  lower-level  models  of  computa¬ 
tion.  Browne/  in  an  excellent  article  [L2],  states:  "The  cost-effec¬ 
tiveness  of  an  architecture  for  execution  of  an  algorithm  is  heavily 
influenced  by  the  mapping  between  the  models  of  computation  of 
the  algorithm  and  the  architecture." 

+  A  parallel  recommendation  from  the  hardware  side  is  to 
examine  and  promote  architectures  that  lead  to  locality  of  ref¬ 
erence.  New  architectures  should  be  based  on  knowledge  of  execu¬ 
tion  patterns  of  living  programs.  When  more  is  known  about  these 
execution  patterns/  machines  can  be  designed  that  better  avoid 
bottlenecks  and  clumsy  execution. 

+  A  test  set  of  medium  to  large-scale  know ledge -base -type 
programs  is  needed  in  order  to  evaluate  existing  and  simulated 
machines/  as  well  as  enhancements  and  improvements  to  existing 
machines.  These  should  be  large  enough  to  adequately  exercise  the 
secondary  storage  and  paging  facilities.  A  standard  representative 
set  will  allow  realistic  comparisons  of  machines  to  be  made/ 
which  are  presently  difficult  or  impossible.  They  should  be  coded 
in  several  languages  (not  a  trivial  task)  and  be  fairly  straight¬ 
forward  to  adapt  to  specific  hardware  situations. 

+  An  investigation  of  the  use  of  cached  directories  which 
include  semantic  knowledge  in  order  to  eliminate  paging-in  of 
useless  data.  In  a  relatively  non-volatile  knowledge-base/  these 
directories  should  be  worth  their  cost. 

+  An  investigation  into  the  selective  use  of  redundancy  in 
data  representations.  In  order  to  index  items  by  several  attri¬ 
butes/  multi -key  hashing  and  descriptors  can  be  used/  or  inverted 
indices  may  be  kept.  Access  by  means  other  than  primary  keys  is 
improved/  but  still  may  generate  an  unacceptable  level  of  page 
faults:  In  a  relatively  stable  knowledge  base/  storing  duplicate 
copies  of  some  or  all  data/  by  secondary  keys  or  content/  may  make 
sense.  These  should  be  stored  so  that  physical  locality  of  reference 
from  at  least  one  viewpoint  is  maintained.  It  seems  likely/ 
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however,  that  in  a  volatile  or  highly-connected  knowledge  base, 
the  price  of  consistency  between  these  copies  will  outweigh  their 
advantages. 

+  Encouragement  for  the  building  of  promising  paper  ma¬ 
chines  into  silicon.  Emulation  of  these  machines  can  be  helpful, 
but  still  a  number  of  practical  considerations  cause  problems 
(sometimes  fatal)  when  the  machines  are  actually  built. 

+  An  examination  of  the  feasibility  of  VLSI  main-frame 
memory  to  eliminate  the  use  of  secondary  storage.  Zt  seems  quite 
probable  that  this  hardware  will  arrive  in  due  course  of  time. 
There  are  a  number  of  concerns  associated  with  this  type  of 
architecture,  including: 

Protocols  for  use  of  non-volatile  memory  for  storage  and 
error  recovery; 

Bus  architecture  for  fast  access  to  the  very  large  memory; 

Problems  of  reliability  in  data  storage,  necessitating 
error-control  coding. 

+  An  unbiased  examination  should  be  made  of  the  benefits 
of  Prolog  vs.  Lisp  for  knowledge-base  programming.  Lisp  has  a 
strong  programmer  support  facility.  If  Prolog  is  to  gain  more 
popularity,  especially  in  the  U.S.,  it  will  have  to  develop  the 
same.  There  are  also  a  number  of  variants  and  hybrids  of  both 
Lisp  and  Prolog,  including  Loglisp  (Syracuse  University),  IC- 
Prolog  [ P2 ] ,  Epilog  [P3]  ,  and  meta-Prolog  [PI],  intended  to  handle 
artificial  intelligence  and/or  parallelism.  A  survey  of  the 
uses,  advantages  and  disadvantages  of  these  would  be  helpful. 

Since  Lisp  and  Prolog  are  both  inherently  sequential,  and  paral¬ 
lelisms  are  added  on  artificially,  new  truly  parallel  languages 
may  be  needed  eventually  to  program  truly  parallel  machines. 

+  Further  communication  between  database  researchers  and 
artificial  intelligence  researchers  should  be  encouraged.  The 
questions  of  knowledge  representation  (data  models),  consistency 
(integrity),  temporal  factors,  as  wall  as  machines  capable  of 
handling  very  large  bodies  of  knowledge,  are  of  vital  concern 
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to  researchers  from  both  disciplines. 

+  Further  communication  between  hardware  designers  and  soft¬ 
ware  designers  is  necessary  if  we  are  ever  to  achieve  the  levels 
of  performance  necessary  to  handle  artificial  intelligence  appli¬ 
cations.  The  implementation  of  machine  intelligence  requires  far 
more  hardware  support  than  was  originally  believed.  This  support 
cannot  be  forthcoming  unless  there  is  an  easy  logical  mapping 
between  the  machine  and  its  applications. 

Glushkov  wrote  (quoted  in  [P3]}: 

The  long  life  of  Princeton  type  computers  is  attributed  to 
a  profound  matching  of  their  structural  and  program  organ¬ 
isation  and  to  the  mutual  harmony  of  the  von  Neumann 
principles.  Any  partial  revision  of  these  principles 
inevitably  involves  contradictions  between  machine  archi¬ 
tecture  and  computational  process  organization. 

If  we  are  to  achieve  success  in  know ledge -based ,  nonprocedural 
applications,  we  must  also  achieve  that  kind  of  harmony  between 
the  architecture  and  its  use. 
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A  Range  Update  Algorithm  for  the  Data  Handling/Recording  System 

by 


Guy  F.  Klose 

ABSTRACT 

The  Harris  Data  Handling/Recording  System  (DH/RS) ,  by 
using  the  Westinghouse  Auto-Q,  is  capable  of  real-time  screening 
and  classification  of  targets  from  forward-looking  infrared 
imagery,  but  presently  has  no  provision  for  automatically 
updating  target  range  and  velocity.  An  algorithm  is  developed 
for  the  estimation  and  tracking  of  range  and  velocity  given 
target  cue  information  provided  by  the  Auto-Q.  Range  is 
estimated  from  target  size  and  velocity  is  estimated  from  the 
relation  of  changes  in  range  and  time  elapsed  between  estimations. 
After  a  suitable  model  of  target  dynamics  is  developed,  tracking 
is  provided  by  the  one-step  prediction  of  target  states.  The 
classic  Tracker  is  then  implemented  as  part  of  the  DH/RS 
software.  Suggestions  for  the  continuation  of  this  project 
have  also  been  presented. 
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I.  Introduction 


The  Harris  Data  Handling/Recording  System  (DH/RS)  is 
capable  o£  semi-automatic,  high-speed  exploitation  of  recon¬ 
naissance  imagery  from  airborne  forward-looking  infrared  (FLIR) 
sensors.  Target  screening  and  classification  is  accomplished 
by  the  Westinghouse  Auto-Q  automatic  target  cueing  unit  which 
is  part  of  the  DH/RS  Real-Time  Processing  Module.  Presently, 
the  Auto-Q  is  given  an  average  range  and  velocity  by  the 
operator  upon  initialization,  however  it  has  no  provision  for 
automatically  updating  this  information.  It  is  desired  to 
design  a  suitable  estimation/tracking  algorithm  to  be  implemented 
as  part  of  the  DH/RS  software. 

The  problem  of  designing  a  range  update  algorithm  for  the 

DH/RS  is  twofold.  First,  one  wants  to  find  an  estimate  from 

target  cue  information  provided  by  the  Auto-Q.  Secondly,  one 

wants  to  use  that  range  estimate  to  update  a  one-step  predictor 

which  is  used  as  a  target  tracker.  One-step  prediction  is 

necessary  since  the  range  estimate  will  occur  after  a  target 

cue  is  received,  and  the  Auto-Q  needs  a  range  estimate  before 

it  can  analyze  imagery  and  return  the  cue.  Previously,  several 

versions  of  tracking  algoritms  have  been  designed  and  analyzed}*"1 

the  simplest  of  which  is  the  so-called  "«£  Tracker."3'^  10  The 

Tracker  can  be  shown  to  be  a  special  case  of  the  Kalman  Filter 

and  while  the  Kalman  Filter  can  provide  greater  tracking  accuracy 

g 

it  utilizes  a  more  complex  tracking  model,  and  hence,  is  not  as 
desirable  computationally.  Analysis  of  the  DH/RS  will  provide 
necessary  constraints  which  will  aid  selection  and  design  of  a 
tracking  algorithm}1  In  the  design  of  tracking  filters,  one 
must  compromise  between  the  conflicting  requirements  of  good 
noise  smoothing  and  of  good  maneuver-following  or  transient 
capability? 


Initial  effort  was  to  be  spent  on  familiarization  with  *he 
DH/RS  and  the  Auto-Q  which  would  help  establish  direction 
towards  a  solution  to  the  problem,  designing  an  automatic  range 
update  algorithm  for  the  system.  The  software  and  operational 
characteristics  of  the  system  would  have  to  be  analyzed  in  order 
to  determine  the  propriety  of  certain  classic  estimation  and 
tracking  schemes.  Once  the  system  requirements  had  been  estab¬ 
lished,  the  estimation/tracking  algorithm  was  to  be  implemented 
in  FORTRAN  IV  Plus  in  the  DH/RS  software.  Once  the  operation 
had  been  observed  and  analyzed,  performance  could  be  monitored 
and  perhaps  enhanced,  by  changing  estimation  or  tracking  schemes 
if  the  algorithm  did  not  offer  suitable  properties. 

III.  Estimation 

The  Auto-Q  provides  the  following  information  on  each 
target  it  classifies:  target  class,  size  (length  and  width 
measured  in  pixels),  location  (pixel  coordinates),  confidence 
of  classification,  and  imagery  frame  number.  The  Auto-Q  uses 
premission  data  describing  the  FLIR  sensor  vehicle  such  as 
altitude,  bearing,  velocity,  and  range  to  target.  Ideally, 
one  would  like  to  estimate  some  of  these  quantities  from  target 
cue  information.  This  project  considers  the  estimation  of 
range  and  velocity  from  target  size  and  the  time  elapsed  between 
cued  frames. 

Range  may  be  estimated  from  target  size  in  a  couple  of 
different  ways;  velocity  can  then  be  estimated  by  relating 
changes  in  range  to  the  time  lapse.  Both  methods  of  range 
estimation  considered  rely  on  the  acquisition  of  experimental 
data  (from  realistic  missions)  correlating  range  and  target 
size.  The  simplest  method  would  be  to  create  a  table  of  data 
relating  range  to  average  target  size  and  to  interpolate 


between  data  values  with  a  polynomial  curve-fitting  technique. 

Another  method/  more  realistic  in  terms  of  estimation  theory, 

would  be  to  estimate  conditional  probability  density  functions 

(pdf)  from  the  experimental  data.  Once  a  family  of  pdf's  have 

been  estimated  over  all  values  of  range,  one  may  use  an  estimator 

such  as  the  Maximum  Likelihood  test  to  determine  which  range  is 

1  2 

most  probable  given  a  particular  target  size.'  Choice  of  either 
method  depends  heavily  upon  the  nature  of  the  experimental  data. 
The  curve  fitting  technique  would  be  acceptable  if  the  experi¬ 
mental  data  is  closely  populated.  On  the  other  hand,  if  the 
data  is  not  closely  populated,  assuming  a  Gaussian  distribution 
of  the  data  and  describing  the  pdf  by  mean  and  variance  may 
work  well,  but  accuracy  increases  with  the  number  of  data  points. 
If  not  much  data  is  available,  then  the  conditional  pdf  estimate 
may  be  poor. 


IV.  Tracking 

The  first  step  in  designing  a  tracking  algorithm  is  to 
model  the  system.  Here  it  is  necessary  to  make  a  number  of 
assumptions  about  the  dynamics  of  the  system.  Most  tracking 
algorithms  have  been  designed  for  use  with  a  radar  track- 
while-scan  system  that  has  fixed  sensors  and  moving  targets. 

In  this  case,  sensors  and  targets  may  move,  so  movement  of  the 
targetswill  be  considered  negligible  compared  to  that  of  the 
sensors,  and  any  target  movement  may  be  resolved  as  sensor 
movement.  Also,  the  assumption  will  be  made  that  the  sensors 
will  be  slowly  maneuvering  (i.e.,  straight  line  of  flight  and 
constant  velocity)  so  that  any  maneuver  may  be  described  as 
random  acceleration  modelled  as  additive  maneuver  noise.  The 
observation  will  be  a  single  measure  of  current  range  and  velo¬ 
city,  estimated  from  target  cues  as  described  in  the  previous 
section,  with  additive  noise  describing  the  uncertainty  of  the 
measurement. 


Next,  the  state  equations  of  the  system  have  to  be  defined 
such  that  they  will  describe  the  transition  from  one  step  to 
the  next.  Then  the  tracking  filter  becomes  a  recursive  estimator 
that  minimizes  some  sort  of  error  between  a  signal  and  its 
estimate.  The  following  notation  is  used  for  modelling  the 
system?'5'8'10 

message  model:  (x(k+l)^  =  A|x(k)^  +  |n(k)^  (4.1) 

where:  (x(k)^  =  [r(k)l  =  [range  at  time  k  1  (state 

lr(k)J  [velocity  at  time  kj  vector) 

A  =  [1  Tl  (state  transition  matrix) 

LO  lj 

|n(k)>  =(01  (model  noise  vector) 

In  (k)J 


observation  model:  (y(k)  =  (x(k)^  +  |u(k)^  (4.2) 

where:  |y(k)}  =  fyiOOl  =  [meas.  range  at  k  1  (meas. 

[y^  (JO  [meas.  velocity  at  k  J  vector) 

(u (k)}  =  fu. (k)l  (observation  noise  vector) 

lU2(k)J 


n,  u. ,  and  u_  are  independent  noise  sequences  with  zero  mean 
-*■  ^222 

and  variances  <rm,  er^,  respectively.  Figure  1  shows  the 


block  diagram  of  the  complete  system  model. 


Figure  1:  System  Model 


If  the  observation  and  model  noises  are  white,  then  the 
Kalman  Filter  is  an  optimum  recursive  estimator  that  minimizes 
the  mean-squared  error  between  the  signal  x  and  its  estimate 
x.1'4'10  one  Kalman  Filter  feature  is  its  variable  gain  matrix 
(called  the  Kalman  Gain,  K)  that  minimizes  the  mean-squared  error 
at  every  step.  If  the  Kalman  Gain  is  fixed,  then  the  Kalman 
Filter  can  be  shown  to  be  equivalent  to  an  aP  Tracker^  &,  the 
range  error  gain,  weights  the  difference  between  predicted  and 
measured  values  of  range,  and  M>  the  velocity  error  gain,  does 
the  same  for  velocity.  The  problem  that  remains  is  the  choice 
of  optimum  values  for  a  and  p,  which  has  been  treated  by 
several  sources®*"*"®  One  such  source®  determines  the  optimum 
choice  for  P  given  4,  where  a  is  left  as  a  design  parameter. 

The  following  predictor  model  is  used: 

predicted  estimate:  lx(k+l|k)^  =  A|x(k|k)^  (4.3) 

filtered  estimate:  (x(k|k)}  =  (x(k|k-l)>  +  K[  |y  (k)^-lx(klk-l)>  I  (4.4) 

initial  condition:  |£(1|1)>  ~\  y(l)  ] 

L(l/T)  [y(l)-y(0)]J 

A  block  diagram  of  the  predictor  model  is  shown  in  Figure  2. 


x  (k) 


Figure  2:  Predictor  Model 

For  the  *P  Tracker,  the  gain  matrix  K  is  defined  in  the  following 


manner: 


V.  Analysis 


To  design  an  estimator/tracker,  the  DH/RS  needed  to  be 
thoroughly  analyzed  in  terms  of  system  performance.  Several 
features  needed  to  be  isolated  and  tested.  The  first  feature 
was  the  system's  tolerance  to  range  and  velocity  error.  The 
robustness  of  the  Auto-Q  directly  affects  the  accuracy  needed 
for  the  estimation/tracking  algorithm.  The  second  feature  to 
be  tested  was  the  system's  limits  of  range  and  velocity,  which 
would  help  define  the  usable  range  of  the  algorithm.  The 
timing  requirements  of  the  system  was  also  an  important  consi¬ 
deration,  since  sytem  timing  must  not  be  impeded  in  order  to 
preserve  the  speed  of  classification.  Lastly,  several  target 
identification  missions  needed  to  be  analyzed  in  order  to 
obtain  the  experimental  data  necessary  for  the  estimation 
scheme . 

Once  the  above  analysis  had  been  completed,  the  estimation/ 
tracking  algorithm  could  be  implemented  in  software,  as  described 
in  the  next  section.  The  only  items  left  unaddressed  are  the 
actual  mapping  from  size  to  range  and  the  choice  of  the  tracker's 
design  parameters,  i.e.,  a.  and  fi. 

The  above  analysis  was  in  fact  attempted  and  the  results 
are  presented  in  the  section  covering  discussion  and  recommend¬ 
ations. 


VI.  Software  Modifications 

The  DH/RS  software  is  implemented  in  FORTRAN  IV  Plus 
using  the  RSX-11M  Operating  System  on  a  Digital  Equipment 
Corporation  PDP-11/44.  The  system  software  is  highly  modular¬ 
ized  and  so  it  was  analyzed  to  reveal  the  most  appropriate 
places  to  modify  for  the  addition  of  an  estimation /tracking 
algorithm.  Refer  to  the  Appendix  for  necessary  subroutines 
and  existing  software  modifications. 


The  Man-Machine  Interf ace/Real-Time  Processing  Module 
Configuration  module  (MCNRTP)  is  used  to  initialize  the  Auto-Q 
with  sensor  vehicle  data  such  as  initial  range  and  velocity, 
which  are  both  entered  by  the  operator  through  a  menu.  The 
modification  needed  in  this  case  is  to  make  RANGE  a  global 
parameter  by  use  of  a  named  common  block  (TRK) ,  and  hence, 
available  to  initialize  the  tracking  algorithm.  Velocity 
is  already  available  in  common  block. 

The  Real-Time  Processing  Module  Screening  and  Exploitation 
module  (RTPMSE)  handles  the  receipt  of  target  cues.  The  most 
appropriate  time  to  make  a  one-step  prediction  to  update  range 
would  be  immediately  after  a  target  cue  has  been  received  by 
RTPMSE.  Hence,  the  modification  needed  in  this  case  is  the 
addition  of  a  call  to  SUBROUTINE  TRACK,  passing  appropriate 
arguments,  near  label  450  in  RTPMSE. 

The  only  other  modification  needed  is  the  addition  of  two 
subprograms,  SUBROUTINE  TRACK  and  FUNCTION  STRMAP .  SUBROUTINE 
TRACK  is  accessed  by  RTPMSE  and  handles  the  tracking  algorithm 
and  the  message  handling  to  and  from  the  Auto-Q.  FUNCTION 
STRMAP  is  accessed  by  TRACK  and  is  used  to  estimate  range  by 
mapping  from  target  size  to  range. 

As  one  can  readily  see,  the  above  software  modifications 
are  fairly  transparent,  and  hence,  are  easily  implemented  in 
system  software.  However,  some  general  comments  are  in  order. 
Firstly,  the  Communications  Interface  Send  and  Receive  modules 
(CISEND  and  CIRECV)  are  used  by  TRACK  to  communicate  with  the 
Auto-Q,  rather  than  using  the  tedious  configuration  of  messages 
by  the  Real-Time  Processing  Module  Message  Handler  ( RTPMMH ) . 
Secondly,  according  to  an  Auto-Q  designer  at  Westinghouse,  the 
Auto-Q  will  accept  a  message  for  range  update  during  target 
screening  without  inhibiting  screener  performance.  If  this 
was  not  the  case,  the  software  would  have  to  stop  screening, 
send  the  update  message,  and  then  restart  the  screening.  Not 
only  would  this  be  much  more  complex  to  implement,  it  would 
also  severely  inhibit  the  real-time  performance  of  the  system. 


VII .  Discussion  and  Recommendations 

The  DH/RS  has  been  in  very  limited  operation  for  most  of 
this  calendar  year,  so  the  author  was  afforded  limited  oppor¬ 
tunity  of  quantitative  system  evaluation,  and  hence,  was  limited 
in  the  implementation  and  refinement  of  a  real-time  estimation/ 
tracking  algorithm. 

Some  characteristics  were  found  that  will  severely  limit 
the  performance  of  a  tracking  algorithm.  The  system  will  only 
detect  and  classify  targets  correctly  less  than  50%  of  the  time. 
It  will  not  recognize  targets  if  the  Auto-Q  has  been  initialized 
with  values  of  range  less  than  2000  meters  or  velocity  greater 
than  100  miles  per  hour.  If  the  Auto-Q  is  initialized  with  a 
range  of  over  approximately  4000  meters,  a  very  high  rate  of 
false  alarms  occur.  These  limitations  circumvent  the  original 
intent  of  the  estimator/tracker. 

In  conclusion,  at  this  moment,  the  DH/RS  is  mostly  limited 
by  the  characteristics  of  the  Auto-Q.  Although  software  modi¬ 
fications  of  the  existing  system  can  be  considered  minor, 
automatic  update  of  range  is  best  implemented  within  the  Auto-Q. 
However,  the  Auto-Q  is  a  Westinghouse  proprietary  device  and 
even  Harris  Corporation,  the  system  contractor,  has  limited 
knowledge  of  its  operation.  The  author  suggests  that  for 
improved  DH/RS  operation,  the  Auto-Q  should  be  upgraded  by 
Westinghouse.  The  material  presented  in  this  paper  may  be 
best  utilized  by  Westinghouse  after  improved  performance  of 
the  Auto-Q  is  realized. 
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VIII.  Appendix:  Program  Listings 

a)  add  to  MCNRTP: 

COMMON /TRK/  RANGE 

b)  add  to  RTPMSE: 

CALL  TRACK  (RCVDTC  (3)  ,  RCVDTC  (6)  ,  RCVDTC  (7)  ,  RCVDTC  (8)  ) 

c)  SUBROUTINE  TRACK (FRAME, CLASS ,XSIZE, YSIZE) 

IMPLICIT  INTEGER (A-Z) 

INTEGER  NAME { 3 ) ,RCVBUF(64) , DATTIM (7) , TSKODR (5) , TARPRS (20 , 2 ) 
INT*4  NAVFR, AC ALT 
BYTE  SENTYP ( 2 ) , FOV ( 2 ) 

REAL  ACDRFT , ACHE AD , ACPTCH , ACROLL , DEPNGL , VELHGT 
REAL* 8  FRMLL(2) ,MISID 
COMMON/TRK/  RANGE 

COMMON /FRANAV/  NAVFR, ACALT , ACDRFT , ACHEAD , ACPTCH , ACROLL , 

1  DATTIM, DEPNGL, FOV, FRMLL, VELHGT 

COMMON/MIS DAT/  ENGOFF, MIS ID, SENTYP , TARPRS, TSKODR 

INITIALIZE  COUNTER  AND  FRAMES /SECOND 

DATA  1/1/, FPS/30/ 

DO  NOT  TRACK  IF  THIS  IS  NOT  A  FLIR  MISSION 
IF  (SENTYP (1) .EQ. 'C' )  RETURN 
OTHERWISE,  GO  AHEAD  AND  TRACK 
IF  (I.GT.l)  GO  TO  100 

T  =  (FRAME-1) /FPS 

V  =  VELHGT* ACALT* 0. 3048 
RANGE  =  RANGE  -  T*V 
GO  TO  200 

100  T  =  (FRAME-PFRAME) /FPS 

IF  ( CLASS. EQ.-l)  GO  TO  150 
AREA  =  XSIZE*YSIZE 
M RANGE  =  STRMAP (AREA) 

V  =  V  +  (BETA/T) * (MRANGE- RANGE) 

RANGE  =  RANGE  +  ALPHA* (MRANGE- RANGE)  -  T*V 
GO  TO  200 

150  RANGE  =  RANGE  -  T*V 


C 


200  ANGLE  =  (DEPNGL*1000) *0. 0174532925/20. 0 
ALT  =  ACALT*0.3048 

RCVBUF(l)  =  4 
RCVSIZ  =  10 
RCVBUF (2)  =  RANGE 
RCVBUF ( 3 )  =  ANGLE 
RCVBUF (4)  =  ALT 
RCVBUF (5)  =  V 

CALL  CISEND (RCVSIZ, 2 fRCVERR, RCVBUF) 

IF  (RCVERR.EQ. 0)  GO  TO  300 
CALL  DBMRHE (817, NAME , 0 ) 

GO  TO  500 

300  RCVTO  =  10 

CALL  CIRECV (RCVSIZ , 2 , RCVERR, RCVTO , RCVBUF) 
IF  (RCVERR.EQ. 0)  GO  TO  400 
CALL  DBMRHE (818, NAME, RCVTO) 

400  CALL  DBMRHE (7 13, NAME, RCVERR) 

500  I  =  I  +  1 

PFRAME  =  FRAME 
RETURN 
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Abstract 

VJhen  the  Do  a  issued  the  directive  asking  Ada  the 
standard  high  level  computer  language,  a  need  was  created  to 
determine  the  capabilities  of  Ada  in  such  areas  as 
artificial  intelligence.  Libraries  of  packages  both  with 
general  application  and  with  specific  useful lness  to 
artificial  intelligence  need  to  be  developed.  One  appraoch 
is  to  develop  Ada  packages  which  will  mirror  the 
capabilities  of  languages  such  a3  Lisp  and  Snobol  which  have 
proven  their  utility  in  solving  AI  questions.  Our  summer 
research  group  took  this  approach  and  began  the  development 
of  Lisp-like  list  processing  packages  --  undertaken  by  my 
colleague  Ken  V.'auchope  —  and  Snobol-like  pattern  matching 
packages  --  undertaken  by  this  author.  Viewing  pattern 
matching  as  an  extended  parsing  problem,  Ada  packages  for 
pattern  matching  utilizing  the  more  efficient  (time-wise) 
Earley  Algorithm  were  developed,  as  well  as  packages 
ir.plenting  the  more  traditional  backtracking  (recursive 
descent)  approach.  Since  the  full  Ada  language  was  not 
available  to  us  this  summer  at  Lowry  AFB,  these  efforts 
should  be  considered  as  preliminary,  with  the  implementation 
of  the  algorithms  in  the  richness  of  the  full  Ada  language, 
and  an  analysis  of  the  run  time  space  requirements  still 
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I  Objectives 


Brian  Dallman,  a  Research  Psychologist  for  the  Training 
Systems  Division  of  the  Air  Force  Human  Resources  Labratory, 
in  a  paper  delivered  to  the  Joint  Services  Wo r shop  on 
Artificial  Intelligence  in  Maintainance,  defined  three 
principal  goals  for  the  Air  Force  program  for  the 
development  of  AI  technlogy  as  it  applies  to  maintainance 
aiding  and  training: 

"First,  the  program  will  apply  AI  technology  to  real  Air 
Force  problems  in  the  maintenance  aiding  and  training 
domains  through  an  integrated  system.  The  rationale  for 
this  integrated  system  has  been  documented  by  Richardson 
(1983).  The  principal  intitial  demonstrations  will  be 
conducted  as  a  part  of  AFHRL's  Integrated  Maintenace 
Information  System  (IIJIS)  program  (Johnson,  1  982).  The 
second  goal  is  to  establish  a  capability  for  the  conduct  and 
examination  of  artificial  intelligence  research.  AI  is  a 
multidisciplinary  field  with  the  principal  contributions 
being  made  by  cognitive  psychologists  and  computer 
scientists.  Because  of  the  scarcity  of  experts,  it  will  be 
necessary  to  educate  Air  Force  personnel  and  maximize  the 
sharing  of  resources  and  information.  This  can  be 
accomplished  through  jointly  funded  research  activities  and 
participation  with  A I  researchers  as  in  the  case  of  the 
Intelligent  Computer-Assisted  Instruction  network.  The 
third  goal  will  be  to  assist/consult  with  other  Air  Force 
organisations  in  the  development  and  exploitation  of  the 
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evolving 

AI 

technology. 

As 

the 

technology 

becomes 

more 

refined 

and 

personalized , 

it 

will  also 

become 

more 

distribu 

ted . 

There  will 

be 

a 

need  for 

contacts 

for 

information  and  assistance." 


These 

goals 

defined  the 

objectives  of  our 

summer 

research  project. 

To  meet  the 

first  goal  we  brought 

with 

us 

an  expert 

syste 

m  developed 

independently  at 

Tulane 

University , 

and 

participated 

in  workshops  condu 

cted 

by 

General  Dynamics  at  the  AFHRL,  in  an  effort  to  synthesize 
the  results  of  our  research  with  theirs.  The  third  goal 
mentioned  above  will  be  net  as  our  and  other  research 
continues,  is  published  and  distributed.  The  bulk  of  our 
summer  research  w as  devoted  to  meeting  the  second  goal.  The 
area  for  this  research  was  further  defined  in  the  sane  paper 
by  Mr.  Dallman: 


PROBLEM 


Since 

Ada  recently  became 

the 

DoD  standard 

computer 

language,  ideally  it 

should 

be  used  for  all 

prograuoi 

ng  aplications  within 

DoD . 

However,  there 

are  some  applications  for  which  Ada  is  not  currently 
practical.  of  these  areas  is  artificial 
intelligence.  In  DcD ,  the  majority  of  programming  for 
A I  applications  is  done  in  LISP.  Consequently,  if 
LISP  remains  the  primary  AI  language,  then  Ada’s  usage 


and  acceptance  in  a  critical  new  area  of  software 
engineering  will  be  severely  limited  and  Dod's  effort 
to  establish  a  common  high  order  language  will  be 


hampered , 


OBJECTIVE 


To  develop  an  extension  of  the  Ada  langage  which 


will  provide  the  capabilities  for  AI  programming 


applications.  This  extension  can  involve  possibly 


only  an  Ada  package  or  collection  of  packages. 


To  meet  this  objective  we  defined  two  major  areas  for 


summer  research,  to  be  undertaken  in  Ada:  development  of 


LISP-like  list  processing  and  tree  matching  algorithms, 


undertaken  by  my  colleague  Mr.  Ken  Wauchope;  and 


development  of  SHOEOL-like  pattern  matching  algorithms.  It 


was  in  this  second  area  that  my  own  research  effort  was 


conducted . 


II  Definition  of  Patterns 


Before  any  pattern  matching  algorithm  could  be 


implemented,  a  suitable  definition  --  one  that  can 


represented  in  Ada  --  had  to  be  developed.  The  packaging 


facilities  of  Ada  then  allow  the  representation  and  pattern 


building  functions  to  be  developed  and  compiled 


independently  from  the  pattern  matching  routines.  Although 


the  packaging  allowed  by  the  Irvine  compiler  is  very 


primitive  it  was  sufficient  to  allow  for  at  least  this  much 


encapsulation.  Programming  in  a  fully  certified  Ada  will  be 


able  to  make  more  extensive  use  of  the  package  to  build 


hierarchies  of  libraries  of  packages,  with  each  library  at  a 


given  level  containing  packages  useful  to  the  applications 


at  the  next  higher  level.  Thus  at  the  bottom  level  the 
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libraries 


would  contain  packages  of  generally  useful 


abstract  data  types  such  as  stacks,  queues,  linked  lists, 
sequences,  strings  (a  more  complex  variety  of  string  than 
that  offered  by  the  Ada  compiler),  matrices,  etc.  At  the 
next  higher  level  would  be  packages  that  could  use  these 
types  (which  themselves  use  the  primitive  types  provided  by 
the  Ada  compiler).  For  instance,  the  pattern  catching 
packages  would  be  defined  at  this  level.  At  the  next  higher 
level  would  be  packages  utilizing  complex  structures  such  as 
patterns  --  for  instance,  a  compiler  could  be  defined  at 
this  level,  using  the  pattern  catching  algorithms  to  do  the 
parsing. 

Despite  its  limitations,  the  Irvine  compiler  did  allow 
for  development  of  complex  data  structures  using  Pascal-like 
records  and  arrays  with  a  new  twist:  constraints  need  not 
be  introduced  initially.  Using  these  structures,  the  first 
working  definition  of  a  pattern  was: 

--  A  PATTERN  is  an  (unconstrained)  array  of 
ALTERNATIVES. 

--  An  ALTERNATIVE  is  an  (unconstrained)  array  of  BEADS. 

(Bead  is  used  here  to  correspond  to  SNOBOL 

terminology. ) 

--  A  BEAD  is  any  of 

(i)  a  string 

(ii)  a  PATTERN 


(ill)  a  primitive  function 

(primitive  functions  selected  corresonded 


to  the  most  useful  SNOBOL  primitives.) 

The  Irvine  compiler,  though  it  supports  unconstrained 
arrays,  does  not  support  size-variant  records,  so  the 
utility  of  using  unconstrained  arrays  in  a  package  is 
limited.  The  next  working  definition  for  a  pattern 
therefore  made  an  Alternative  a  linked  list  of  Beads. 
Unfortunately,  without  generic  packages,  a  linked  list  could 
not  be  conveniently  defined  outside  the  pattern  package. 
Thus,  although  the  type  Alternative  was  implemented  as  a 
linked  list,  a  Linked  List  type  was  never  explicitly 
defined.  The  working  deflation  for  a  Pattern,  then  became 

type  prim-func  is  (ARBI,  REMAIN 1 ,  P0S1 ,  SPAN! ,  ANY1 , 

IJOTAHY 1 ,  BREAK1,  TAB1 ) ; 
type  Primitive  is  record 
Name  ;  prim-func; 

Arg  :  string-pointer; 
end  record; 

type  Pattern; 

type  Kinds  is  (terminal,  non-terminal ,  operation, 

R ,  L ) ; 

--  R  and  L  are  used  to  hold  the  left  and  right 
--  unmatched  3ub-strings 

type  Eead(Kind  :  Kinds)  is  record 
case  Kind  is 

when  non-terminal  =>  Choice  :  Pattern; 
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when  terminal  =>  Str  :  string-pointer; 
when  operation  =>  Op  :  Primitive; 
when  R  =>  null; 
when  L  =>  null; 
end  case; 
end  record; 

type  alt-pointer; 
type  Alternates  is  record 
C  :  Bead; 
next  :  alt-pointer; 
end  record; 

type  alt-pointer  is  access  Alternates; 

type  pats  i3  array ( Positive  range  <>)  of  Alternates; 
type  Pattern  is  access  pats; 

This  provided  the  basic  representation  for  patterns.  To 
complete  the  definition  of  pattern  as  an  abstract  data  type, 
some  pattern  building  functions  also  had  to  be  defined. 
There  are  two  basic  pattern  building  functions:  "  +  ",  which 
concatenates  its  operands,  and  "or",  which  alternates  the 
operands,  both  operators  functioning  as  they  do  in  SNOBOL. 
Since  Ada  allows  for  overloading,  these  operations  could 
retain  the  sane  symbols  and  form  for  all  the  various 
possible  combinations  of  operands. 


Finally  a  type  Sys-Pat  was  introduced,  so  that  the 


pattern  building  functions  could  distinguish  between 
internally  generated  sub-patterns  and  actual  user  defined 
patterns.  For  example  the  pattern  P  =  ("a"  +  "b"  +  "c") 
should  have  a  length  of  3*  but  the  pattern  P  =  (A  +  "e"), 
where  A  =  ("a"  +  "b")  should  have  a  length  of  2.  By 
overloading  the  pattern  building  functions,  the  compiler  is 
forced  to  choose  the  proper  representation  in  both  cases. 

The  problem  of  pattern  matching  is,  given  a  pattern  and 
a  target  string,  to  find  a  sub-string  such  that  for  each  set 
of  alternatives  a  bead  can  be  found  which  matches  the 
sub-string  starting  at  the  point  where  the  last  set  of 
alternatives  leaves  off.  In  some  schemes  the  sub-string  may 
start  either  flush  left,  flush  right,  or  anywhere  within  the 
target  string,  depending  on  a  positional  indicator  passed  to 
the  pattern  catching  algorithm  along  with  the  pattern  and 
the  target  string.  Since  the  patterns  used  here  include  the 
ARE  primitive  function  (which  matches  any  arbitrarily  long 
string  of  characters)  positional  indicators  have  been  left 
out  of  this  initial  work.  All  patterns  are  matched  flush 
left;  however,  provision  has  been  made  to  include 
positional  indicators  in  future  versions. 

Ill  A  First  Algorithm 

The  mo3t  intuitive  approach  to  the  pattern  matching 
problem  is  to  try  every  possibility  individually.  This 
leads  to  the  "backtracking"  method,  --  that  is  for  each  set 
of  alternatives,  each  bead  is  tried  until  a  natch  is  found. 
Then  for  the  next  set  of  alternatives  each  bead  is  tried, 
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etc.  , 


until  all  sets  of  alternatives3  have  been  matched 


If 


for  any  set  of  alternatives  no  bead  matches,  then  the 
algorithm  backtracks  --  that  is,  the  previous  set  of 
alternatives  is  tried  again,  starting  from  the  bead  that 
just  matched.  Clearly  every  possible  parse  of  the  string 
will  be  found  in  this  fashion,  but  there  are  several 
problems  which  arise  with  this  method  which  will  be 
discussed  later. 

A  typical  way  of  implementing  the  backtracking  method, 
and  the  way  that  I  chose,  is  the  so  called  recursive  descent 
algorithm.  As  the  name  implies,  recursion  is  used 
extensively  by  this  method,  especially  if  the  bead  being 
matched  is  itself  a  pattern.  (Recall  that  a  bead  may  be 
either  a  string,  a  pattern,  or  a  primitive  function.)  In 
this  case  the  recursive  descent  algorithm  calls  itself  (i. 
e.  recursion),  passing  the  value  of  the  bead  (i.  c.  the 
patters)  and  the  cursor  position  of  the  string.  The 
positional  indicator,  if  used,  would  be  flush  left.  Ir.  this 
fashion  the  algorithm  "descends”  with  recursive  calls  until 
the  bead  being  matched  is  not  a  pattern.  At  this  point,  if 
the  bead  is  a  string  it  is  matched  against  the  target.  If 
the  bead  is  a  primitive  function,  then  a  string  is  derived 
from  the  function ,  the  target  string  and  the  cursor 
position.  This  derived  string  is  then  matched  against  the 
target.  If  this  matching  is  successful  the  next  set  of 
alternatives  at  this  level  of  descent  is  tried.  (This  may 
be  done  by  recursion  also,  by  iteration,  or  by  co-routines.) 
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After  each  set  of  alteratives  is  matched  (or  if  no  match  is 

found)  the  algorithm  returns  to  the  next  higher  level  with 
the  matched  sub-string  (or  the  null  string  if  no  match  is 
found ) . 

An  elegant  way  of  implementing  the  backtracking  aspect 
of  the  algorithm  --  that  is  when  no  match  is  found, 
returning  to  a  previous  set  of  alternatives  and  resuming 
where  the  algorithm  left  off  --  is  through  the  use  of 
co-routines  which  in  Ada  is  handled  by  the  Task.  The  Task 
starts  by  examining  each  bead  in  the  first  set  of 
alternatives.  For  each  bead  that  successfully  matches,  a 
new  Task  is  started,  which  examines  the  remainder  of  the 
string  and  the  remaining  sets  of  alternatives.  '.’hen  the 
last  set  of  alternatives  has  been  examined,  the  task  passes 
back  the  matching  sub-strings  (or  the  null  string  if  no 
match  has  occurred)  and  terminates.  The  parent  task  then 
adds  its  sub-string  to  the  beginning  of  each  tree  on  the 
list  which  has  been  passed  to  it.  This  new  list  of  trees  is 
then  passed  back,  and  the  task  terminates,  etc.,  until  the 
top-most  task  completes  all  possible  parse  trees.  Thus 
although  backtracking  takes  place  (each  possibility  is 
considered  individually)  it  occurs  with  a  degree  of 
concurrency  dependent  on  the  run-time  environment. 

Unfortunately,  the  Irvine  compiler  also  does  not  have 
Tasking  as  one  of  its  features.  The  process  described  above 
can  be  implemented  as  a  function,  but  with  the  loss  of 
(psuedo)  concurrency  and  elegance.  Furthermore,  as  shown  in 
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the  analysis  below,  backtracking  can  be  a  very  costly  way  of 
conducting  pattern  matching.  Some  of  this  cost  can  be 
absorbed  with  concurrency,  but  the  implementation  and 
run-time  analysis  of  this  must  await  a  certified  Ada  (so 
that  concurrent  tasks  can  be  incorporated  into  the 
algorithm).  The  run-time  analysis  could  then  consider  both 
time  and  resource  utilization.  As  multiprocessors  appear 
this  analysis  could  provide  some  interesting  insights  into 
time  consumption  versus  resource  demands. 

Two  noteworthy  problems  exist  with  the  pattern  matching 
method  outlined  above.  The  first  occurs  if  the  pattern 
itself  is  left  recursive  --  that  is  it  has  the  form  P  =  P •  + 
A,  where  P'  is  a  pattern  which  can  produce  P,  and  A  is  any 
pattern  (possibly  null).  The  recursive  descent  algorithm 
will  examine  P  by  first  considering  its  first  set  of 
alternatives,  i.  e.  P'.  This  will  cause  a  recursive  call, 
so  that  P'  is  considered.  Since  P'  can  produce  P, 
eventually  the  algorithm  will  recursively  consider  P,  which 
then  causes  a  recursive  call  to  P’,  eventually  leading  to 
another  call  to  P,  etc.  without  ever  having  advanced  the 
target  string  cursor.  Thus  the  recursive  descent  method 
goes  into  an  infinite  loop  if  it  encounters  a  left  recursive 
pattern.  Fortunately  this  is  not  a  major  problem  since  it 
has  been  shown  that  any  pattern  can  be  generated  by  a 
pattern  in  Greibach  Ilormal  Form,  which  means  the  pattern  has 
one  of  the  following  forms: 


P 


a  +  PI  +  P2  + 


+  Pn 


P  =  null 


where  a  is  any  string  or  primitive  function,  and  the  P's  are 
all  patterns.  Clearly  a  pattern  in  Greibach  Normal  Form 
cannot  be  left  recursive,  so  if  any  given  pattern  is  first 
massaged  into  this  form,  the  recursive  descent  algorithm 
will  work. 

IV  A  More  Practical  Algorithm 

Although  this  problem  of  handling  left  recursion  i3  not 
major  since  any  pattern  can  be  massaged  into  Greibach  Normal 
Form,  the  problem  of  the  time  requirements  of  the 
backtracking  algorithm  in  the  most  general  cases  of  patterns 
remains.  Consider  as  an  example  the  pattern  P  =  ("a"  +  P  + 
P)  or  null.  Suppose  this  pattern  is  to  be  matched  against  a 
string  of  a's.  Clearly  the  leftmost  'a'  will  be  matched  by 
the  "a"  of  P.  All  other  a's  can  be  matched  by  either  the 
first  (recursive)  occurence  of  P,  or  by  the  second, 
independent  of  how  any  previous  or  subsequent  a’s  are 
matched.  Thus  if  the  string  is  L  long,  combinatorics  tells 
us  that  the  number  of  possible  parses  is  1  +  2**(L-1)  -- 
that  is  the  number  of  parses  is  exponential.  Since  the 
backtracking  algorithm  considers  each  possible  parse 
individually,  it  will  require  exponential  time  to  parse  such 
a  pattern.  So,  although  the  backtracking  method  may  be 
useful  given  certain  restrictions  on  the  allowable  patterns, 
in  the  most  general  case  the  time  constraints  become 
unreasonable . 


Obviously,  the  way  to  reduce  the  time  costs  of  parsing 
is  to  not  treat  each  individual  possibility  by  itself, 
rather  to  group  them  into  classes.  In  the  above  example, 
for  instance,  there  is  no  need  to  consider  both  of  the 
recursive  P's  individually  since  they  both  reduce  to  the 
same  tree.  Both  P's  can  be  considered  in  parallel,  and  then 
the  above  example  will  parse  in  linear  time!  Even  with  more 
complex  examples,  it  can  be  shown  that  by  developing  a 
scheme  to  consider  similiar  posibilities  in  parallel, 
parsing  can  be  accomplished  in  polynomial  time,  a  vast 
improvement  over  the  exponential  time  required  by  the 
backtracking  method.  One  such  scheme,  which  can  be 
implemented  without  any  initial  manipulation  of  the  pattern 
is  known  as  Earley's  algorithm. 

Earley's  algorithm  is  described  in  its  mathematical 
details  in  Harrison's  "Introduction  to  Formal  Language 
Theory",  where  he  calls  it  simply  "a  good  practical 
algorithm".  The  main  problem  I  encountered  in  implementing 
this  algorithm  was  developing  reasonable  data  structures  to 
represent  the  rather  complex  mathematical  formulas 
introduced  --  patterns  must  be  converted  to  "dotted  rules", 
a  triangular  matrix  of  dotted  rules  must  be  created,  and  the 
functions  ,x'l  **',  and  ‘predict'  must  be  implemented.  Once 
again  the  effort  was  hampered  by  the  lack  of  generic 
packaging  facilities  in  the  Irvine  compiler.  The 
development  process  certainly  could  have  made  good  use  of  a 
lower  level  of  abstract  data  types  which  included  sets  and 


matrices.  As  it  was  these  structures  had  to  be  developed 
along  with  the  rest  of  the  algorithm. 

Another  problem  encountered  in  implementing  Harrison's 
version  of  Earley's  algorithm  is  that  this  version  (as  most 
are)  is  developed  for  a  context-free  grammar,  not  for 
pattern  matching.  Although  for  the  most  part  context-free 
parsing  is  analogous  to  pattern  matching,  the  analogy  breaks 
down  when  the  primitive  functions  are  considered.  These 
primitive  functions  are  in  general  string  and  cursor 
dependent,  and  so  have  no  context  free  representation. 
Since  they  are  at  most  dependent  on  the  string  and  cursor, 
though,  it  was  possible  to  alter  the  'predict'  function  so 
as  to  produce  simple  string  derivations  of  each  primitive 
function  as  it  is  encountered  during  the  parse.  This 
increases  the  time  requirements  as  compared  to  a  simple 
context-free  parsing  problem,  but  the  modified  algorithm 
still  requires  no  more  than  polynomial  time. 

As  can  be  readily  seen  from  the  above  discussion, 
although  Earley's  algorithm  is  faster  than  the  backtracking 
method,  the  price  is  paid  in  the  complexity  of  algorithm  and 
the  space  it  takes  while  running.  The  complexity  also  will 
make  it  more  difficult  to  develop  Earley's  algorithm  in  a 
concurrent  environment.  Mow  that  the  algorithms  have  been 
developed  int  working  programs,  it  remains  to  be  studied 
whether  the  difficulties  of  Earley's  algorithm  outweigh  its 
benif its . 

V  Recommendations 
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Although  the  summer  research  effort  has  been  quite 
successful,  producing  working  programs  utlizing  two 
different  methods  for  pattern  matching,  more  work  remains  to 
be  done.  As  mentioned  throughout  this  paper,  the  primitive 
state  of  the  Irvine  Ada  compiler,  in  use  at  the  Human 

Resources  Labratory  at  Lowry  Air  Force  Base,  proved  most 

inadequate  in  accomplishing  the  primary  goal  of  the  research 
to  produce  a  hierarchy  of  Ada  packages  for  pattern 
matching  (or  for  Nr.  Wauchope,  a  hierarchy  of  packages  for 
list  processing).  To  provide  maximum  utility  to  future 
users  and  researchers,  the  programs  developed  this  summer 
should  be  rewritten  in  a  fully  certified  Ada,  making  use  of 
the  packaging  facilities  as  detailed  in  the  Dod 

specifications  for  the  language.  In  the  specific  case  of 
the  backtracking  algorithm  for  pattern  matching,  the  rewrite 
should  also  include  the  use  of  Tasks,  again  r.ot  available 
for  use  this  summer,  but  detailed  in  the  Dod  Ada 

specifications.  It  is  in  this  full  Ada  environment  that  the 
two  methods  of  pattern  matching  could  be  best  tested  against 
each  other  in  real  time,  to  provide  a  comparison  of  their 
relative  merits  in  time,  space  and  concurrency.  It  is  to 
address  these  questions  that  the  accompaning  proposal  i3 
made.  With  a  certified  Ada  compiler  and  an  additional  year 
of  research  ai„c  the  questions  raised  by  this  summer's 
research  may  be  fully  answered. 

Brian  Daliman,  in  the  previously  cited  call  for  research 
also  asked  for  an  evaluation  of  Ada's  ability  tc  meet  the 


challenge  of  AI  programming,  and  suggestions  for  a  posible 
superset  of  Ada  to  meet  the  cahllenge.  In  this  regard  two 
recommendations  are  made:  First,  Ada  makes  no  provision  for 
treating  functions  as  data  types.  Such  a  treatment  is 
especially  useful  in  pattern  matching,  where  it  is  desirable 
to  associate  an  action  to  be  taken  with  a  pattern  to  be 
matched.  Second,  when  producing  large  systems  as  is  often 
the  case  in  AI  programming  it  would  be  beneficial  to  be  able 
to  declare  subprograms  within  a  package  to  be  external,  so 
as  to  be  able  to  compile  them  separately  from  the  rest  of 
the  package.  Although  the  separate  compilation  of  the 
packages  themselves  is  very  useful,  in  complex  systems  the 
package  itself  may  grow  to  a  cumbersome  point,  with  each 
update  requiring  inordinate  amounts  of  compile  time.  A 
facility  for  external  compilation  would  relieve  this  load. 
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1)  Dallman,  Brian  (1983).  AFHRL  program  for  artificial 
intelligence  applications  to  maintenance  and  training. 
Paper  delivered  at  Joint  Services  Workshop:  Artificial 
Intelligence  in  Maintenance,  Boulder,  Colorado  (Proceedings 
forthcoming) . 

2)  Harrison,  Michael  A.,  Introduction  to  Formal  Language 
Theory.  Berkeley,  California,  Addison-Wesley  Publishing 
Company,  1978). 
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OPTICAL  THIH  FILM  COATING  DAMAGE  VIA  PULSED  LASERS 


Michael  R.  Lange 
Abstract 


The  absorbing  Inclusion  model  of  pulsed  laser  Induced  damage  In  thin  films 
Is  revisited  and  generalized.  A  solution  Is  derived  that  can  facilitate 
arbitrary  absorption  functions  and  pulse  shapes.  It  Is  also  shown  that 
this  model  applies  to  regions  previously  excluded  when  the  wavelength 
dependence  of  Mfe  absorption  by  an  Inclusion  In  a  thin  film  Is  taken  Into 
account.  The  model  reveals  that  flourlde  film  damage  Is  thermally 
dominated  with  absorption  that  appears  generally  material  Independent,  but 
wavelength  dependent.  Furthermore,  It  also  shows  that  thermal  diffusion 
plays  an  Important  part  In  oxide  film  damage,  however,  there  Is  apparently 
some  material  dependence  not  accounted  for  In  the  present  model.  It  Is 
postulated  that  this  material  dependence  enters  through  the  absorption 
process.  As  might  be  expected,  absorption  In  oxide  films  Is  also  shown  to 
be  wavelength  dependent. 
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I.  Introduction 


The  damage  of  optical  thin  films  by  localized  highly  absorbing 
regions  Is  the  primary  limitation  In  the  development  of  high  energy 
lasers.  The  model  presented  here  1$  not  a  new  model *.  This  model 
Incorporates  a  small  localized  region  within  the  film  that  absorbs  the 
Incident  laser  radiation  at  a  rate  far  above  the  surrounding  film.  The 
absorbed  energy  subsequently  diffuses  through  the  surrounding  film.  The 
cross  section  of  the  absorbing  center  presenting  Itself  to  the  radiation 
along  with  the  diffusion  capability  of  the  film  determines  the  rate  at 
which  the  region  reaches  a  critical  temperature  at  which  damage  results. 

This  model  has  been  successful  In  describing  the  w^y  In  which  single 
shot  damage  thresholds  scale  with  respect  to  the  laser  pulse  duration  and 
the  thermal  properties  of  the  absorbing  region  for  flourlde  films.  Thus 
far,  comparisons  between  the  prediction  of  the  model  and  experimental  data 
have  been  restricted  to  cases  where  the  laser  pulse  duration  Is  long  In 
comparison  to  the  time  required  for  heat  to  diffuse  from  the  center  to  the 
edge  of  the  absorbing  region. 

In  this  presentation,  previous  work  on  this  model  Is  generalized.  In 
the  next  section  an  analytical  expression  for  the  damage  threshold  Is 
derived  that  Is  valid  for  arbitrary  shapes  of  an  Incident  laser  pulse. 

The  particular  example  of  a  single  flat  top  pulse  Is  then  discussed. 

Predictions  of  this  model  are  then  compared  with  two  different  sets 
of  experimental  data.  The  Implication  and  conclusions  that  can  be  drawn 
from  this  model  are  then  summarized  In  the  final  section. 


The  Mein  objective  of  this  effort  was  to  further  develop  a  model  and 
theory  of  laser  damage  In  optical  thin  films.  A  general  description  of 
the  problem  Is  Illustrated  In  Figure  1.  A  spherical  Inclusion  of  radius 
'a1  Is  embedded  In  a  surrounding  material  of  different  optical  and  thermal 
properties.  Only  the  Inclusion  Is  permitted  to  absorb  radiation.  The 
size  of  the  absorbing  region  Is  assumed  to  be  much  smaller  than  the  laser 
spot  size  so  that  absorption  can  be  thought  of  as  occurlng  In  a  field  with 
a  constant  radial  Intensity. 


The  thermal  properties  of  the  system  are  described  by  the  thermal 
conductivity  ' k’  and  the  thermal  dlffuslvlty  ‘ D*  of  each  region.  These 
properties  In  concert  with  the  rate  at  which  radiation  Is  absorbed  are 
taken  to  be  Independent  of  temperature.  The  system  Is  said  to  be  damaged 
when  the  Interface  between  the  two  regions  reaches  some  critical 
temperature  (e.g.,  the  melting  temperature  of  the  film).  This  condition 
Is  chosen  because  an  Interface  between  a  film  and  an  Inclusion  would  be  a 
weak  and  stressful  point. 


III.  Theory 


Mathematically  the  temperature  distribution  in  the  system  Is  described 
by  the  following  thermal  diffusion  equations; 


1  3T1(r,t),  1  a2  (rT  j  +  A 
BjaF  r  (rTiy  IT 


r  <  a 


i  3Th(r’t)  .1  a2  ,  ,  ) 
B -JT  rj7(rV 


a  <  r 


T^r.O)  -  Th  (r,0)  -  0 


(3) 
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where  the  subscripts  1  and  h  refer  to  Inclusion  and  host  respectively. 


The  Interface  condition  between  the  Impurity  and  host  Is  assumed  to  be 


T^a.t)  -  Th(a,t) 


(4) 


.  ^ 
M  dr 


dT. 


*SlF 


(5) 


The  solution  for  this  system  may  be  found  by  Laplace  (temporal) 
transform  as  presented  In  a  previous  paper2  or  by  Intergral  (spatial) 
transform  as  Is  presented  here.  The  Intergral  transform  technique^  Is 
more  general  because  no  specific  form  of  the  absorption  profile  need  be 
assumed. 

The  Intergral  transform  technique  Involves  expanding  the  solution  In 
appropriate  eigenfunctions  of  the  region.  The  appropriate  eigenfunctions 
are  spherical  Bessel  functions.  Because  of  assumed  spherical  symmetry  we 
specify  the  problem  to  spherical  Bessel  functions  of  order  zero.  These 
may  be  written  as  sines  and  cosines. 

The  appropriate  eigenfunctions  for  this  region  are: 

Tj  *  s1n(ar)/r  (6) 


and 


fh  *  [A  sln(er)  +  B  cos(er)]/r 


(7) 


The  overall  temporal  eigenvalue  must  be  the  same  In  both  regions  l.e. 


The  coefficients  'A'  and  * B'  may  now  be  determined  from  the  Interface 
conditions  for  which  we  find 


✓u: 


A  *  [bx  sln(aa)  sln(ea)  -  ~  c  sln(aa)  cos(sa)  +  x  cos(oa)  sln(ea)] 

(9) 
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1  w 

B  *  [bx  sln(aa)  cos(ea)  +-jc  sln(oa)  sln(ea)  -  x  cos(aa)  sln(ea)] 

do: 


where  b 


s'15?  „ 
*7  V  c 


The  eigenfunction  normalization  may  be  shown  to  be 


2ir2  K 

N(a)  *  /inj— ^  (A2 (a)  +  BMa)) 


(11 


which  works  out  to  be 
2tt2  K. 

N(y)  =  (  (c  sin  y  -  y  cos  y)2  +  b2  y2  sin2  y) 

with  y  =  *  <*«  • 

The  solution  expanded  In  the  eigenfunctions  Is  of  the  form 
Tr  (r,t)  *  J  dX  C  (X,t)  ?R(X,r);  R  =  1,h. 

The  coefficients  of  the  composite  region  then  satisfy 

C  (x,t)  =■  -J(X)  i:Ra1th  I  drR  tR  (X,r)  TR  (r,t) 


(12) 


(131 


(14' 


where  use  has  been  made  of  the  orthogonality  of  the  composite 


eigenfunction. 


The  time  evolution  of  this  coefficient  Is  found  by  applying  this 
transform  operator  to  equations  (1)  through  (5).  With  the  aid  qf  Green's 
theorem  the  system  and  boundary  conditions  transform  to  an  ordinary 
differential  equation  with  the  solution 

* 

c  u>t)  s  Ex6uiatl  J  {x>t)  (15) 

where 

J  (X ,t)  s  Jfdf  Exp  [X2f]  J  (X,f) 


and 

J  (X,f)  *  4ir  £/  dr  r  X(r, t* )  sln(a.r)  (16) 

thus  we  find  a  solution  of  the  form 

Tr  *  J  da  c(x,t)  tr  (X.rt  (17) 

and  specifically  for  the  Impurity  region 


,*  _  D1b  r  y2s1n(yr/a)  Expi-v2^)  *(y,t) 

^r,t  'Zir2riR7  o'  y  mc  sin  y  -  y  cos  y)2  +  b2  y2  sin2 


(18) 


where 


Y  *  137 


Now,  If  we  assume  that  A(r,t)  -  A(t)  (l.e,  absorption  within  the  region  1 
Independent  of  radius)  t  becomes 


«  (sin  y  -  y  cos  y)  dt'A(t')  Exp(jr2t')  (19) 


*  (y.t) 


lyr.t)  ■ 


c  sin  y  -  y  cos  y 


sin*y 


Note  that  no  assumptions  have  been  made  as  to  the  temporal  behavior  of  the 
absorption  profile. 


As  with  previous  works**5,  the  source  term  Is  written  In  terms  of  the 
Incident  Intensity 


f  dr3  A(r,t)  -  Q(^f.n')  I(t) 


where  Q  Is  the  absorption  cross  section  computed  from  electromagnetic 

theory  and  n'  Is  the  Imaginary  part  of  the  Index  of  refraction.  The 

tn 

damage  threshold  Is  then  defined  as  E  =  /Qp  dt  I(t’)  In  (J/cm2)  , 
where  tp  Is  the  pulse  length  required  to  reach  the  crltcal  temperature  Tc 
at  the  radius  'a'  of  the  absorbing  region.  Thus  Tctp  *  f(r,Q,E)  Is 
Inverted  to  give  E  ■  g(T  ,  t  ,  r,  Q)  for  the  damage  threshold 

c  p 

In  (J/cm2). 


For  the  particular  case  of  a  repetitively  square  pulsed  laser  the  last 
term  of  equation  (19), 

-NTy2 /y 

Jdf  A( t*  )exp(y2t7y)  »  ffiexp(y2t/Y)-l)(^WY  )  (23) 


where  N  Is  the  Number  of  Pulses  and  T  Equals  tp  +  td,  where  tp  is  the 
pulse  length  and  td  Is  the  delay  time  between  pulses.  A  derivation  of 
this  will  be  presented  In  a  future  publication. 

IV .  Resul ts 


As  shown  In  a  previous  work6,  for  a  single  square  pulse  (N*l)  such 
t 

that  —  >  1  an  appropriate  expression  for  the  Integral  solution  may  easily 
be  computed.  The  damage  In  (J/cm*)  Is  then  found  by  the  method  described 
In  reference  6  to  be  given  by 


r  ,*t  /phCphKhtp  1 

C  f  1  .  [l^C  -  10  -  K„j 


(24) 


1 


where  the  second  term  In  the  denominator  Is  usually  quite  small.  Thus  we 
may  write 

/phCphKhtp 


E  =■  16T 
o  c 


(25) 


This  term  has  been  plotted  against  measured  damage  thresholds  In 
several  previous  works.  In  Reference  4  It  was  mentioned  that  this  scaling 
would  not  apply  to  the  shorter  pulse  length  data  of  Walker  et.  al.1.  This 
Is  not  due  to  the  pulse  length  being  too  short,  since  as  pointed  out  by 
Hilam7  this  scaling  should  apply  to  most  of  Walker's  Data1.  This  Is  more 
because  of  the  strong  wavelength  dependence  In  absorption  of  small 
particles  predicted  by  Mle  theory*.  Small  particles  refers  to  Inclusions 


which  are  small  enough  that  absorption  begins  to  be  volumetric  as  opposed 


to  cross  sectional.  That  Is,  the  Inclusion  becomes  small  enough  that  the 
optical  field  cannot  be  fully  attenuated  within  Its  bounds.  This  occurs 
either  If  the  film  thickness  Is  decreased  (for  a  fixed  wave  length) 
forcing  the  Inclusion  to  decrease,  or  If  the  pulse  length  Is  decreased 
(l.e.,  the  size  particle  most  likely  to  damage  Is  decreased)4.  In  the 
latter  case  the  absorption  should  affect  the  size  particle  most  likely  to 
damage4  so  that  the  problem  becomes  further  complicated.  However,  If 
similar  films  are  compared  the  problems  as  predicted  by  Mle  Theory4  are 
avoided  (by  similar  films  we  mean  comparison  of  half  wave  with  halfwave 
ect.).  That  Is,  the  cross  sections  should  be  similar  and  no  wavelength 
dependence  should  be  observed.  The  range  of  validity  of  this  Is  limited 
because  as  the  film  becomes  much  thinner  than  the  particle  most  likely  to 
damage,  a  smaller  particle  damages  at  a  slightly  higher  threshold4  (see 
Figures  5,  6,  and  7)  .This  In  fact  Is  not  observed.  A  wave  Length 
dependence  still  remains. 

When  the  data  Is  plotted  against  the  scaling  (Eq.  25)  for  half  wave, 
quarterwave  and  full wave  films,  a  clear  splitting  by  wavelength  occurs  In 
each  of  the  three  types  of  films.  This  scaling  fits  flourldes  best  for 
reasons  unknown  to  the  author. 

The  wavelength  dependence  can  be  realized  by  comparing  Figures  2 
through  4  with  Figures  5  through  7.  The  only  free  parameter  between 
Figures  5,  6  and  7  Is  the  Imaginary  part  of  the  Index  of  refraction. 

Since  absorption  a  (cm-1)  s  the  nonlinear  dependence  n' 
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on  x  Indicates  that  the  absorption  Is  a  function  of  wavelength.  This  Is 
not  unreasonable.  Absorption  Is  a  function  of  wavelength  In  most  theories 
of  absorption  that  may  apply  here1.  The  specifics  of  the  wavelength 
dependence  cannot  be  hypothesized,  though,  until  the  precise  mechanism  or 
mechanisms  are  known.  It  should  be  noted  that  the  Imaginary  part  of  the 
Index  of  refraction  Is  simply  a  phenomenological  measure  of  absorption  and 
does  not  make  a  statement  about  the  choice  of  mechanisms  for  absorption. 

As  stated  above,  the  specifics  of  wavelength  dependence  cannot  be 
hypothesized.  It  Is  Interesting  to  note,  though,  that  the  theory  of 
optics  of  metals  can  give  absorption  coefficients  on  the  right  order  and 
roughly  the  same  general  trends  of  wavelength  dependence  noted  In  the 
data.  This  point  Is  Interesting,  but  should  not  be  emphasized.  The 
absorbing  region  Is  not  a  simple  metallic  sphere  and  this  wavelength  trend 
was  not  observed  In  previous  data4  (though  the  previous  data  was  from  two 
seperate  experiments  and  at  longer  pulse  lengths).  It  Is  likely  that  the 
absorbing  region  evolves  during  Irradiation  to  a  highly  absorbing  state 
and  that  no  simple  classical  theory  will  suffice  to  explain  Its  behavior. 

For  oxides  (see  Figure  8)  there  Is  a  splitting  of  scaling  for  both 
wavelength  and  material,  though  Hf02  scales  on  the  same  line  as  AI2O3.  If 
oxides  are  scaled  strictly  against  /£p  times  some  additional  material 
dependent  constant  (other  than  /KpCp  )  the  oxides  also  scale  as  Equation 
25.  According  to  the  data1  this  c  itant  Is  highly  material  dependent.  It 
does  not  seem  to  depend  upon  the  film  thickness,  but  It  does  appear  to 
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depend  upon  the  Incident  wavelength  to  some  fractional  power  (-1#.  All 
of  this  Indicates  that  oxides  also  scale  as  the  square  root  of  pulse 
length,  but  that  some  other  material  dependent  properties  enter  that  are 
not  strictly  thermal  (because  of  the  wavelength  dependence  of  the 
constant).  In  other  words,  the  mechanisms  for  absorption  In  flourlde 
films  are  similar  enough  between  the  various  fluorides  that  the  thermal 
properties  dominate  the  damage  evolution  while  oxides  differ  from  film  to 
film  In  some  way  other  than  the  obvious  thermal  properties.  This  same 
behavior  Is  exhibited  In  Figure  9  of  flourlde  and  oxide  data  from  a 
different  source8. 

When  the  fluoride  data1  Is  plotted  against  the  scaling  (Eq.  26)  for  a 
given  wave  length,  films  that  are  full wave  (at  1.06  ym)  have  damage 
thresholds  that  are  similar  to  those  of  halfwave,  but  as  we  go  to 
quarterwave  or  smaller  the  difference  becomes  greater.  This  difference 
may  be  explained  by  reference  to  Figures  5  through  7.  These  are  plots  of 
the  exact  solution  of  the  diffusion  equation  using  Mfe  scattering  theory 
to  compute  the  absorption  cross  section.  That  Is,  It  seems  to  require  a 
combination  of  electromagnetic  theory  and  thermal  diffusion  to  explain  the 
Increase  In  damage  threshold  for  thinner  films  at  fixed  Incident 
wavelengths.  However,  this  behavior  may  be  simply  understood.  As  the 
film,  and  therefore  the  absorbing  regions,  become  small  with  respect  to 
the  wavelength,  the  regions  absorb  proportional  to  their  volumes.  On  the 
other  hand,  regions  on  the  order  of  a  half  wavelength  or  greater  absorb  as 
the  cross  section4.  Thus  as  the  film  thickness  decreases,  absorption 
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decreases  as  the  cross  section  up  until  sane  point  and  then  decreases  more 
quickly  as  the  volume  tending  towards  higher  damage  thresholds. 

V.  Discussion 

The  different  behavior  of  oxides  versus  flourldes  suggests  at  least 
one  of  three  things.  Either  there  Is  a  major  oxide  dependent  difference 
in  thin  film  properties  as  opposed  to  bulk  properties,  there  are 
structural  or  chemical  complexities  not  accounted  for,  or  there  Is  simply 
a  mechanism  for  absorption  In  oxides  such  that  the  absorption  appears 
highly  material  dependent.  The  latter  two  seem  more  likely  because  of  the 
wavelength  dependence  for  the  missing  material  constant. 

It  should  be  pointed  out  here  that  the  more  predictable  behavior  of 
the  flourldes  does  not  necessarily  prove  that  an  absorbing  Inclusion 
exists.  It  does,  however,  strongly  suggest  a  central  absorbing  region 
common  to  the  various  fluorides  that  thermally  diffuses  the  absorbed 
energy  such  that  damage  thresholds  for  flourldes  are  thermally 
dominated.  This  region  should  have  properties  that  are  either  Initially 
different  from  the  surrounding  film  or  are  quickly  altered  by  an  enhanced 
field,  a  mechanical  process,  or  an  Increased  temperature  In  the  region. 

An  enhanced  field  could  be  caused  by  a  microcrack  or  local  defect9 *1°. 

The  theoretical  evidence  that  the  size  of  the  absorbing  region  that 
damages  Is  on  the  order  of  the  film  thickness5  does  not  exclude  the 
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possibility  that  a  smaller  absorbing  region  expands  to  the  thickness  of 
the  film  as  damage  ensues.  An  expanding  absorbing  region  has  been 
suggested  by  Komolov11  and  expanding  damage  regions  have  been  observed  by 
Foltyn  and  Jolln*0. 

It  Is  Interesting  to  note  In  Figure  2  of  the  ^  films,  the  stray  ThF^ 
points.  These  same  points  are  plotted  on  Figure  7  for  damage  threshold 
at  x  -  1.06  yin  versus  film  thickness.  They  are  anomalously  high  on  this 
plot  also  Indicating  that  they  are  unique  points  not  following  the  trends 
of  the  surrounding  data. 

VI.  Recommendations 


Although  the  model  presented  here  Is  not  new  and  has  been  presented 
previously,  the  continued  success  of  fitting  data  to  this  model  In 
different  regions  has  provided  more  Insight  Into  the  Important  parametric 
behavior  of  laser  damage.  This  Indicates  that  the  efforts  to  generalize 
the  model  to  Include  arbitrary  spatial  and  temporal  absorption  and  other 
significant  parameters  should  also  prove  fruitful. 

The  model  strongly  suggests  that  regions  In  flourlde  films  absorb  In  a 
manner  that  Is  nearly  material  Independent  and  damage  threshold  Is 
primarily  thermally  dominated,  while  the  absorption  Is  wavelength 
dependent.  Oxides,  however,  seem  to  absorb  In  a  manner  that  Is  both 
material  and  wavelength  dependent.  The  square  root  of  pulse  length 


39-15 


dependence  does  tend  to  show  that  thermal  diffusion  also  plays  a 
measurable  part  In  the  damage  thresholds  of  oxide  films. 

The  difference  In  behavior  of  oxides  tends  to  suggest  a  structural  or 
chemical  complexity,  possibly  Involving  the  absorption  of  radiation,  that 
has  not  been  accounted  for.  It  Is  recommended  that  further  work  In  the 
field  of  deposition  and  testing  of  oxide  and  flourlde  films  be  carried 
out.  Particularly  work  using  some  sort  of  real  time  monitoring  of  the 
damage  process  for  both  single  and  repeating  pulses. 

It  should  be  pointed  out  here  that  there  are  fundamental  differences 
In  oxides  and  flourldes  which  exhibit  themselves  through  macroscopic 
properties  of  the  materials.  For  example  the  Index  of  refraction  of 
flourlde  films  Is  usually  less  than  that  of  oxide  films.  The  melting 
temperature  Is  also  less  for  flourldes  than  oxides.  Furthermore  the 
ultra-violet  cut-off  of  absorption  occurs  for  shorter  wavelengths  In 
flourldes  than  oxides  and  thus  multi-photon  effects  would  appear  sooner  In 
oxides  as  wavelength  decreases.  There  are  other  possible  differences  like 
the  structural  properties,  elasticities  or  the  thermo-mechanical  response 
of  the  materials.  One  final  apparant  difference  Is  the  fact  that 
flourldes  probably  have  oxide  Impurities,  but  oxide  Impurities  are 
unknown.  The  Implication  or  significance  of  these  various  differences  are 
unknown  to  the  author  at  present. 


3.  Scaling  of  experimentally  measured1  damage  threshold  of  flourldes 
versus  a  theoretically  dervled  parameter  of  thermal  properties  for  ? 
at  four  different  wavelengths. 


Figure 


Damage  threshold  data*  and  theory  versus  film  thickness  for 
0.353  urn  (measured  In  units  of  x  at  1.06  pa) . 


5.  Damage  threshold  data1  and  theory  versus  film  thickness 
for  x  *  0.26  u"  (measured  In  units  of  X  at  1.06  u«0* 


Damage  threshold  data1  and  theory  versus  film  thickness  for 
1.06  um  (measured  in  units  of  X  at  1.06  »m). 


Figure 
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REPROCESSING  OF  BARNES  TRANSMISSOMETER  DATA 


by 
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and 

Martin  A.  Patt 


ABSTRACT 


Under  NATO  project  OPAQUE,  large  data  files  were  collected  for 
subsequent  processing  by  the  Air  Force  Geophysics  Laboratory.  The 
validity  of  some  of  the  supplemental  1400-meter  Barnes  transinissometer 
data  stored  in  processed  hourly-files  was  suspect.  The  data  has  been 
carefully  studied  and  a  determination  has  been  made  that  the 
1400-meter  Barnes  data  was  not  valid.  The  processing  error  which 
resulted  in  the  bad  data  was  found,  and  the  hourly  data  files  were 
subsequently  reprocessed . 
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I.  INTRODUCTION 

The  OPAQUE  program  was  a  joint  NATO  program  designed  to  make 
measurements  of  the  optical  and  infrared  properties  of  the  atmosphere 
over  a  period  of  several  years  at  several  locations  in  Europe. 

A.F.G.L.  was  responsible  for  the  measurements  at  one  of  these  sites  in 
Northern  Germany.  The  reduced  data  (on  an  hourly  basis)  from  this 
station  was  put  into  one-month  data  files  for  subsequent  analysis,  and 
written  to  magnetic  tape  for  exchange  with  the  other  national  groups 
responsible  for  the  measurements  at  the  other  sites. 

The  OPAQUE  hourly-file  is  a  data  file  containing  hourly  data  for  a 
one  month  period.  Each  file  contains  31  records,  one  for  each  day  of 
the  month.  For  months  containing  less  than  31  days,  the  extra  records 
are  merely  disregarded.  Each  daily  record  contains  an  array 
dimensioned  85  x  24.  There  are  85  entries  for  each  hour  of  the  day, 
the  entries  being  derived  from  a  ten  minute  period  during  the  hour. 

The  data  entries  reported  for  each  hour  are  defined  in  Table  1.  The 
85  entries  are  initialized  as  follows: 

1.  (station  number)  71 

2.  (date)  year .month, day, packed  into  the  six  rightmost  digits 

3.  (time)  hour  (0  to  23) 

4.  (duration  of  measurement  cycle) 

5-10.  (comments  on  scattering-filter-humidity)  0 
11-57.  (measurement  values)  -1  xlOE+30 
58-77.  (weather  data)  -1  x  10E+30 
78-84.  (data  quality)  appropriate  number  of  9' 2 
85.  (rain  data)  -lx  10E+30 


With  the  exceptions  of  entries  76  and  85,  entries  58  through  85  are 
not  recorded  by  the  measurement  system  data  logger.  The  processing  of 
measurement  values  are  of  several  types: 


1.  The  AEG  Point  Visibility  Meter,  Eltro,  Horizontal  Luxmeter,  Night 
Path  Luminance,  and  the  east  direction  Variable  Path  Function  Meter 
require  the  beginning  value,  end  value,  maximum  value,  minimum  value, 
and  number  of  samples  obtained  in  the  ten  minute  period. 

2.  The  vertical  Luxmeter  requires  one  value  from  each  of  the  four 
compass  points. 

3.  The  VPFM  samples  in  the  south,  west,  and  north  compass  points  are 
required  in  addition  to  the  five  values  above  for  the  east 
direction. 


4.  The  direct  Epply  and  Barnes  instrument  require  values  entered, 
depending  on  the  filter  being  used  for  the  measurement. 


All  data  values  are  entered  in  the  daily  arrays  except  if  the  value 
was  not  physically  present,  or  the  data  could  not  be  interpreted,  or 
the  data  was  out  of  range,  and  then  a  distinguishable  flag  value  is 
entered  in  its  place.  Hence,  if  a  scientific  value  is  not  entered  for 
one  of  these  reasons,  one  of  the  following  values  will  be  entered  in 
its  place: 


-1  x  10E+30  raw  data  for  that  time  does  not  exist 


9  x  10E+99  raw  data  exists,  but  it  is  impossible  to 


interpret 

+8  x  10E+88  the  calibrated  scientific  value  is  over-range 

-8  x  10E+88  the  calibrated  scientific  value  is  under¬ 


range 


II.  OBJECTIVES  OF  THE  RESEARCH 

The  validity  of  some  of  the  1400-meter  Barnes  Transmissometer  data 
stored  in  words  64  and  65  and  in  words  28  and  29  beginning  7/1/80, 
of  the  processed  hourly  files  was  suspect  because  of  apparent 
continuing  erratic  fluctuations.  The  objective  of  the  research  effort 
presented  here  centers  around  a  thorough  analysis  of  the  processed 
minute-file  data  together  with  station-logs  and  supplemental 
information  to  determine  whether  or  not  the  data  stored  in  the 
minute-files  truly  reflects  the  scientific  measurements  of  the  Barnes 
transmissometer,  and  if  valid  to  further  determine  why  this  validity 
is  not  reflected  in  the  hourly-files,  and  to  make  the  necessary 
corrections  to  the  hourly  data  files. 


Ill  Overview  of  the  Hourly  File  Generating  Process 

An  overview  of  the  programs  used  to  generate  and  examine  the 
hourly-files  is  shown  in  Figure  1.  The  boxes  show  the  permanent  files 
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This  is  done  to  remove  invalid  data  resulting  from  the  time  constant 
associated  with  range  changes  in  the  non-rotating  luxmeter. 

Sometimes  it  is  desirable  to  change  a  few  entries  in  the 
hourly-file  while  leaving  the  others  intact.  This  can  be  accomplished 
with  the  REPLACE  procedure.  A  temporary  hourly-file  containing  the 
required  new  data  values  is  generated  exactly  as  the  hourly-file. 
Values  in  this  temporary  file  can  then  replace  corresponding  values  in 
the  hourly-file.  In  general,  one  or  more  (up  to  all  85)  words  can  be 
changed  between  any  two  times  in  the  month. 

The  contents  of  the  hourly-file  can  be  examined  with  the  OPAMAP 
procedure.  Outputs  that  can  be  generated  include  daily  maps  or 
summaries  of  the  contents  of  the  data  files  (either  for  individual 
days  or  for  a  complete  month)  and  numerical  data  in  various  forms. 

IV.  DESCRIPTION  OF  THE  REVISED  HOURLY  OPAQUE  DATA  BANK  FILE 

The  instrumentation  for  the  atmospheric  optical  measurements  at 
the  Meppen  OPAQUE  site  was  changed  significantly  in  the  Fall,  1980. 

The  reconfiguration  of  the  instruments  and  the  additional  measurements 
added  to  the  data  set  required  a  redefinition  of  the  contents  of  the 
data  words  in  the  post-OPAQUE  data  bank  files.  These  changes  are 
reflected  in  Table  1:  "  Format  of  the  Revised  Hourly  OPAQUE  Data  Bank 
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V.  REPROCESSING  TO  INCLUDE  THE  CORRECTED  BARNES  1400  METER  INSTRUMENT 
An  intensive  investigation  was  launched  in  May  and  June  of  1984  to 
ascertain  the  validity  of  the  1400  natter  Barnes  instrument  data  that 
had  been  stored  in  hourly-file  data-words  64,  65,  28,  and  29. 

The  investigation  showed  that  both  the  sparsity  of  data  in  these 
data-words,  and  the  seeming  inconsistency  of  the  data  were  a  result  of 
a  software  problem  in  reading  the  1400  meter  Barnes  filter-wheel 
position.  Improvements  were  made  in  the  software,  and  results  were 
verified  by  comparison  with  station  log  entries.  Reprocessing  of  the 
data  was  undertaken  and  completed  prior  to  the  end  of  July,  1984.  the 
corrections  were  handled  as  replacements  to  the  already  existing 
hourly  files  which  had  been  produced  by  (or  for)  A.F.G.L.  and 
subsequently  further  processed  at  A.F.G.L.  The  following  minute-data 
was  incorporated  in  the  hourly-files: 

Word  Description 

64  Beginning  April,  1978,  1400  meter  Barnes 

3-5  micron  filter  (position  1)  Analog  Channel  22 

65  Beginning  April,  1978,  1400  meter  Barnes 

8-12  micron  filter  (position  3)  Analog  Channel  22 

28  Beginning  July,  1980,  1400  meter  Barnes 

8-13  micron  filter  (position  2)  Analog  Channel  22 
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29 


Beginning  July ,1980,  400  meter  Barnes 
4  micron  or  open  (position  0)  Analog  Channel  22 


VI  DESCRIPTION  OF  OPERATING  SYSTEM 

The  Cyber  computer  under  operating  system  NOS/BE  was  used  to  run 
all  hourly-file  procedures  and,  as  such,  formed  the  major  working 
component  of  this  project.  It's  speed  and  efficiency  were  the  primary 
determinants  of  the  pace  at  which  any  work  could  progress.  Components 
of  the  NOS/BE  operating  system  are  illustrated  in  Figure  2. 

Commands  for  altering  the  status  of  a  file  from  one  operating 
system  status-type  to  another  are  as  follows: 

Attach-  makes  a  "permanent"  file  accessible  as  a  "local"  file. 

Batch-  changes  file  status  from  local  to  input  queue  or  from  output 
queue  to  local  status. 

Edit-  copies  a  local  file  to  the  editor  buffer. 

Save-  places  a  copy  of  edit  file  buffer  in  local  status. 

Catalog-  gives  a  local  file  "permanent"  status. 

Files  are  stored  in  any  of  the  following  ways: 

a)  on  a  nine  track  Computer  Center  (CC)  Tape 

b)  on  the  system  disk  using  a  catalog  statement 

c)  on  a  disc-pack 
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Our  collection  of  "permanent"  files  was  limited  by  restrictions  on 
size  (accounts  varied  from  15*000  to  45*000  PRUs)  and  time  (  files 
remaining  for  two  weeks  without  being  attached  were  dropped  from  the 
system). 

"Permanent"  files  must  be  attached  as  local  files  to  be  used  in  a 
processing  job.  This  may  be  accomplished  through  the  Attach 
statement: 


ATTACH, locals  file  name, permanent  file  ID=user  name 

Local  files  can  be  placed  in  the  editor  buffer  using  the  Edit  conmand: 

EDUflfnys  or  n 

where  s  and  n  refer  to  sequenced  and  nonaequenced  lines. 

The  editor  is  the  heart  of  the  Operating  System,  for  it  is  here 
that  files  can  be  created,  examined,  checked  for  correctness,  changed, 
modified,  updated,  saved,  and  batched  to  the  input  queue;  and  from 
here  that  they  can  be  tracked  as  well.  A  file  judged  satisfactory  in 
the  editor  is  given  local  status  through  use  of  the  Save  statement: 

SAVE, file  name, a  or  n 

If  the  file  happens  to  be  a  job  it  may  be  sent  to  the  processor's 
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input  queue  via 


BATCH , lfn , input , here 


The  final  parameter,  "here",  allows  the  job  to  be  monitored  by  the 
user  as  it  is  run.  The  command  MYQ  displays  the  progress  of  all  jobs 
batched  in  under  the  user's  ID.  This  progress  is  reported  as  the 
job's  position  in  one  of  four  queues.  The  input  queue  holds  jobs 
which  have  been  batched  in  but  have  not  yet  begun  to  be  processed,  the 
execute  queue  lists  jobs  which  are  currently  being  run,  and  the  output 
queue  lists  jobs  which  have  been  completed.  The  plot  queue  holds 
data  associated  with  jobs  requiring  graphed  material  and  are  currently 
being  plotted  or  waiting  to  be  plotted.  In  each  of  these  queues  a  job 
is  referred  to  by  a  seven  letter  name  which  consists  of  a  five  letter 
prefix  listed  in  the  first  line  of  the  job,  followed  by  two  suffix 
characters  added  by  the  system  at  the  time  of  the  batch  to  input. 

Using  this  name  the  progress  of  a  specific  job  may  may  be  checked  by 
the  QUEUE  command: 


Q,jobname 


From  the  output  queue  a  job  may  be  given  local  status  using  the  Batch 
command: 


BATCH, file, local 


40-14 


NV-T-.'-.V. 


-A? i  •»«£•*»  ' 


>V1  »>  -» 


then  placed  in  the  editor  for  examination  before  being  batched  to  the 
printer  buffer. 

A  local  file  nay  be  given  "permanent"  status  through  Request  and 
Catalog  statements: 


REQUEST, If n,»pf 

CATALOG , If n , pf n , ID = user  name 


VII.  SPECIFIC  SYSTEM  USED  TO  PROCESS  FILES 

Because  this  research  project  was  concerned  with  the  creation  and 
revision  of  hourly  data  files  a  logical,  speedy  system  was  developed 
to  allow  the  process  to  proceed  as  simply  and  efficiently  as  possible. 
From  starting  data  to  finished  product  a  multitude  of  steps  were 
involved.  Various  CC  tapes,  differing  amounts  of  reprocessing,  and 
determination  of  time  periods  for  any  one  file  were  among  the 
complications  which  had  to  be  dealt  with. 

All  these  factors  combined  to  make  careful  bookkeeping  a  must. 

The  process  began  with  a  chart  showing  all  of  the  steps  which  could  be 
necessary,  as  well  as  the  CC  tapes  necessary  to  create  any  one  month's 
hourly  file.  Since  efficiency  was  a  prime  consideration,  many  months 
were  processed  at  the  same  time.  Figure  3  is  a  sample  chart  used 
during  this  processing.  The  fifth  and  sixth  colunns  reflect  data 
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needed  for  the  begin  statements  of  a  job  to  create  an  hourly  file. 


(See  figure  4).  The  days  of  the  year  are  referred  to  by  nuaber,  and 


the  data  necessary  to  complete  any  one  monthly  file  usually  spans  two 


months  of  minute  data.  The  day's  numbers  and  hence  the  minute  files 


needed  to  create  any  one  month's  hourly  file  were  the  same  from  year 


to  year,  except  for  1980,  a  leap  year. 


The  jobs  to  create  temporary  files  and  replace  their  data  into 


existing  hourly  files  were  of  a  general  nature  (see  figure  4). 


Certain  parameters  were  left  unspecified  and  changed  from  month  to 


month.  This  "general  job"  method  proved  advantageous  for  two  reasons. 


First  accuracy  and  completeness  were  assured.  The  basic  procedures 


were  not  changed  from  one  job  to  another.  Once  the  first  job  met  with 


success,  the  later  versions  were  virtually  guaranteed  to  run. 


Secondly  the  chance  of  error  was  diminished  by  the  reduced  amount  of 


typing  required  to  create  the  job.  The  only  errors  possible  were  in 


naming  files  specific  to  any  one  job. 


The  changes  needed  to  make  the  general  jobs  specific  were  made  in 


the  editor  using  the  change  statement: 


/string  1/s/string  2/,  line  no. 


They  were  occasionally  made  by  retyping  an  entire  line.  An  updated 


job  to  create  hourly  file  is  shown  in  figure  5.  The  processing  of 


files  is  depicted  in  the  flow  graph  of  figure  6. 


40-16 


W* 


r v ' 

"je.  -i- 


I  TOOTW-CS 


mm 


I 


mm 

•N 


jf&r 


mrwm. 


The  file  making/updating  process  itself  is  initiated  with  the 
creation  of  the  minutes  and  minute  directory  files  from  the 
seven-track  magnetic  tapes  containing  on-site  raw  data  files  from 
Meppen,  Germany.  Then  the  files  are  renamed  XXMMMYYmin  and 
XXMMMYYmindir  (where  MMM  is  the  three  letter  abbreviation  for  the 
month  and  YY  the  last  two  digits  of  the  year)  so  the  general  job 
program?  will  be  able  to  attach  them.  Sample  coamands  used  are: 

Attach, a , apr78min , idsLowell , pw=a , b. 

Rename , a , xxapr7  Stain 

Return, a 

When  the  ID  is  not  specified  in  the  Rename  statement  the  file  remains 
under  it's  original  listing,  and  pw  defines  a  user  password.  The 
minute  files  and  minute  directory  files  are  usually  loaded  in  groups 
of  three  (there  are  three  pairs  to  a  CC  tape)  and  purged  as  the  jobs 
which  attach  them  are  judged  to  be  correct.  However,  the  last  set  of 
minutes  and  minute  directory  must  be  kept  for  the  first  job  of  the 
next  set.  Each  set  of  minutes  and  directory  used  about  12,000  PRU's 
so  four  sets  couldn't  fit  in  even  our  largest  computer  account.  For 
this  reason  the  last  set  had  to  be  moved,  space  permitting,  to  one  of 
the  smaller  accounts  until  the  first  set  could  be  purged,  when  the 
last  set  could  again  be  loaded  to  the  Lowell  account. 


VIII.  SPECIFIC  JOBS  USED 

It  was  necessary  to  regenerate  and  replace  data  words  64  and  65  of 
the  hourly  files  for  April  1978  through  June  1980,  and  data  words  28, 
29,  64  and  65  of  the  hourly  files  for  July  1980  through  October  1980. 
This  process  required  two  steps;  the  generation  of  a  temporary  file 
formatted  like  an  hourly  file  but  containing  only  the  regenerated  data 
words,  and  the  replacement  of  these  data  words  into  the  original 
hourly  file.  For  the  period  from  November  1980  through  March  1983  the 
replacement  scheme  was  not  followed.  Rather  a  new  hourly  file  was 
generated  with  software  corrections  for  data  words  28,  29,  64,  and  65. 
New  hourly  files  were  easy  to  generate  for  these  months  because  both 
the  VPFM  and  the  Luxmeter  had  been  removed  from  operation. 

The  job  to  generate  an  hourly  file  (or  a  temporary  hourly  file) 
illustrated  below  and  in  figure  5  begins  with  a  standard  type  first 
line  which  identifies  it.  The  line  consists  of  a  five  letter  prefix, 
a  maximum  run  time  in  seconds,  an  estimate  of  core  memory  required, 
and  the  account  number  and  ID  of  the  user.  It  first  attaches' 
W6465FIXPROCS,  a  procedure  file  containing  all  of  the  specific 
procedures  needed  to  run  the  job,  (see  figure  7),  as  local  file  XX. 
There  are  four  begin  statements  which  identify  the  individual 
procedures  needed,  where  they  can  be  found,  and  one  or  more  parameters 
used  in  the  procedure.  The  begin  statements  are  followed  by  an  end 
of  record  mark;  then  the  data  necessary  for  each  procedure  is  listed, 
separated  by  done  and  end  of  record  marks. 
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1 OOsLEMIE , T1 00 , CM1 77000 . 

1 10sATTACH,XXf W6465FIXPR0CS, ID=PATT,MR=1 . 
120=BEGIN, INERIK ,TYMMEB. 
130=BEGIN,??,XX,f«1Y1,TYMMEB. 
140=BEGIN,??,XX,MM2Y2,TYMMEB. 
150=BEGIN,0PAMAP,XX,HYMMEB. 

160=*EOR 
170=  MO  YR 
180=»E0R 

190=BEG,DB1 ,HB1 , MB1$END,DE1 ,HE1 ,ME1$PICK 

200=DONE 

210=«EOR 

220=BEG , DB2 , HB2 , MB2$END , DE2 , HE2 , ME2$PICK 

230=DONE 

240=*EOR 

250=DISPLAY , 1 , 31 , ' 4 , 64 , 65 , 28 , 29 . 

260=D0NE 

270=»E0R 

280=»E0F 


First  to  be  run  is  INERIK.  The  parameter  supplied  is  H301EB,  (see 
figure  5)  the  name  to  be  given  to  the  file  which  this  procedure  will 
create.  It  will  be  identified  as  parameter  PI  (see  the  first  line  of 
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the  INERIK  procedure  file  located  in  W6465FIXPR0CS)  then  substituted 
into  the  procedure  wherever  PI  appears.  On  other  jobs  this  parameter 
will  be  changed  only  one  time  in  the  hourly  job,  but  will  be 
substituted  into  the  INERIK  procedure  automatically  and  the  new  files 
will  be  named  accordingly.  The  INERIK  procedure  itself  attaches  a 
binary  program  INITERIKFILEX3664  and  renames  it  as  a  local  file  INITOP 
each  time  it  runs.  This  program  does  the  actual  initializing  of  the 
file  to  be  created.  The  MAP (OFF)  statement  suppresses  information 
provided  by  the  system  to  aid  in  debugging  jobs.  This  information  is 
not  necessary  in  the  case  of  jobs  which  have  proven  successful  in  the 
past.  The  "INITOP"  statement  uses  the  data  between  the  first  set  of 
EORs  to  run  INITERIKFILESX3664 .  Finally  the  procedure  names  the  file 
being  created  with  a  catalog  statement,  and  returns  the  local  files  it 
had  attached. 

Next  the  job  runs  ENOV80  twice,  once  for  each  month  of  minute  data 
necessary  to  create  the  hourly  file.  This  procedure  requires  two 
parameters:  the  month  of  minute  data  being  used,  and  the  name  of  the 
file  into  which  the  generated  data  words  are  to  be  placed.  The  minute 
directory,  minutes,  and  hourly  file  are  attached  and  renamed, then 
three  binary  programs  use  the  minute  data  to  generate  hourly  data  and 
substitute  it  into  the  hourly  file  created  by  the  INERIK  procedure. 

The  map  is  then  switched  off,  the  memory  cleared  with  the  LDSET 
conmand,  the  binary  programs  combined,  the  entire  group  executed,  and 
the  local  files  returned. 
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Each  time  it  is  run,  this  procedure  uses  a  BEG  statement  which 
supplies  the  day,  hour,  and  minute  at  which  the  data  for  the  hourly 
month  begins  and  ends. 

The  last  procedure  attached  is  OPAMAP.  It  requires  one  parameter 
and  attaches  five  binary  programs  in  order  to  display  data  words  from 
the  hourly  file  just  created.  The  parameter  here  is  the  name  of  the 
file  containing  the  desired  information.  After  the  memory  is  cleared, 
the  five  binary  files  are  combined  and  executed  together  as  in 
ENOVdO.  The  statement  provided  as  data  lists  the  first  and  last  day 
for  which  data  is  to  be  displayed  and  the  number  of  data  words  to  be 
displayed,  and  identifies  by  number  the  individual  words  to  be 
displayed. 

The  replace  job  shown  in  figure  4  also  begins  with  an  identifying 
line  and  imnediately  attaches  W6465FIXPR0CS.  It  first  uses  OPAMAP, 
described  earlier,  to  display  the  questionable  data  words.  Then 
REPLAC2  is  called  to  perform  the  actual  replacement.  This  procedure 
file  requires  three  parameters:  the  file  into  which  the  replacements 
are  to  be  made,  the  file  from  which  the  replacement  data  will  come, 
and  the  year  of  the  data.  The  year  is  specified  in  order  that  the 
correct  CAL  binary  program  will  be  attached  -  there  is  one  for  each 
year.  The  procedure  attaches  the  CAL  program  and  four  others,  blocks 
unwanted  output  with  MAP(OFF),  clears  the  memory,  combines  the 
characters,  and  executes  them.  The  EXIT(U)  comnand  is  an 
unconditional  exit  which  allows  the  statements  following  it  to  be  run 
even  if  a  problem  occurs  earlier  in  the  procedure.  Finally  the  files 


are  returned.  Each  line  of  data  supplied  gives  a 
and  the  day  and  hour  of  the  first  and  last  replac 
As  a  check  on  the  replacements,  the  OPAMAP  proced 
displaying  the  same  words  as  before,  Thus  the  sec 
displayed  in  the  replace  job  should  be  different  f 


the  same  as  that  displayed  in  the  temporary  job 


Key:  a  =  Replacement  not  applicable  because  1400  meter  Barnes 
measurements  began  April,  1978. 

b  =  Replacements  were  made  to  hourly-files  already  on  the 
A.F.G.L.  Cyber  computer  system  as  permanent  files. 


c  =  Replacement  process  was  not  used.  New  hourly  files  were 
generated. 

X.  DIRECTORY  OF  HOURLY-FILES  AFTER  REPLACEMENTS 


JAN 

FEB 

MAR 

APR 

MAY 

JUN 

JUL 

AUG 

SEP 

OCT 

NOV 

DEC 

1977 

2460 

2460 

2460 

2460 

2460 

2460 

2460 

2460 

2460 

2460 

2460 

2460 

1978 

1784 

1784 

1784 

4822 

4822 

48 22 

4822 

4822 

4822 

4822 

4822 

4822 

1979 

4822 

4822 

4822 

4822 

4822 

4822 

4822 

4822 

4822 

4822 

4822 

4822 

1980 

4822 

4822 

4822 

4876 

4876 

4876 

4876 

4876 

4876 

4876 

4876 

4876 

1981 

4876 

4876 

4876 

4876 

4876 

4876 

4876 

4876 

4876 

4876 

4876 

4876 

1982 

4876 

4876 

4876 

4876 

£ 

oo 

4876 

4876 

4876 

4876 

4876 

4876 

4876 

1983 

4876 

4876 

4876 

Notes:  Hourly-files  stored  on  tape  CC4876  do  not  contain  MET  data 
Backup  tapes  of  the  hourly-files  were  made  as  follows: 
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NOS/BE  TAPE  NOS/BE  BACKUP  NOS  BACKUP 


CC4822  CC4825  CC4946 

CC4876  CC4825  none 


XI.  INCIDENTAL  MAGNETIC  TAPES  GENERATED 


CC4838 

NOS/BE 

Backup  of  Honohan's  system  of  1983 

CC4839 

NOS/BE 

Daily  backup  of  Patt,  Summer  1984 

CC4875 

NOS/BE 

Continuation  of  CC4839 

CC4899 

NOS 

Sources,  NOS  compilations,  and  procedures 

PAT401 

NOS 

Same  as  CC4899 

XII.  RECOMMENDATIONS 

1.  It  is  recommended  that  further  processing  of  the  hourly-files 
begin  at  once  to  exploit  the  large  OPAQUE  data  base.  Additional 
software  should  be  created  as  soon  as  possible  to  automate  the  view 
toward  the  development  of  an  authentic  atmospheric  model. 

2.  It  is  strongly  reconmended  that  the  procedures  used  under  operating 
system  NOS/BE  be  updated  to  run  under  the  more  modern  NOS  operating 
system  currently  being  installed  on  the  CYBER  computer  at  A.F.G.L. 
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Word  Wo. _ Data  Item _ 

1  Station  No. 

2  Date  -  Year, Month, Day 

3  Tine 

4  Duration  of  Measurement 

cycle 

5  Comment  Numbers 

6  Comment  Numbers 

7  Comment  Numbers 

8  Comment  Numbers 

9  Comment  Numbers 


»  71 


010 


’  10  Scattering  x  IOC  ♦  Filter 
_ x  10  ♦  Humidity 

5S  BtG  AEG  Point 

12  S  FIN  Visibility  Meter 

13  Ss  MAX 
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28 

29 

15-2  Barnes 

(eff.  7/1/80) 

*15-4 

8-13  m 
(1500  r) 

Open 
(1500  m) 

30 

Li> 

BEG 

31 

S> 

flfl 

■ 

32 

S> 

MAX 

Night  Path 

33 

Lp 

NIN 

Luminance 

34 

NV 

35 

• 

fp 

BEG 

Variable  Path 

Function  Meter 

36 

fp 

FIN 

37 

"  A2 

38 

A2 

FIN 

39 

A8 

BEG 

AEG,  8  meter 

40 

A8 

FIN 

(eff.  11/1/8C) 

41 

A16 

8EG 

AEG,  16  meter 

42 

A16 

FIN 

(eff.  1 1/1/80) 

43 

A48 

BEG 

AEG,  48  meter 

44 

A48 

FIN 

(eff.  11/1/80) 

B 

A80 

BEG 

AEG,  80  meter 

n 

FIN 

n 

ifi  V Bi 

MAX  (101) 

(eff.  11/1/CO) 

MIN  (10*) 

49 

SEL 

BEG 

Slant  ELTRO 

50 

SEl 

FIN 

51 

r.Ei 

MAX  (10* ) 

(eff.  11/1/80) 

52 

SEL 

MIN  (10') 

S3 

Ti 

3-5ym  BCG 

S4 

T2 

8-1 2vm  Barnes 
Transmissometer 
(SOOn) 

55 

T1 

8-13ym 

56 

T.  . 

Open  or  4um 

57 

T8 

3-5m  FIH 

Aerosol  Oata 


64 

65 

BT5-1 

815-3 

3-5ym  Barnes 
Transmissiometer 
(1500m) 

8-12ym  (1500) 

66 

67 

T" 

I 

Turbulence  Data 

68 

69 

H 

dd 

Cloud  Cover 

Wind  Direction  at  10  <n 

70 

ff 

Wind  Speed  at  10  n 

71 

fA 

P?P2 

Wind  Direction  at  2  m 

72 

Wind  Speed  at  7  m 

73 

Pressure 

74 

TTT 

Temperature 

75 

Trpy* 

Dew  Point  Temperature 

76 

Rain  Rate 

77 

E 

General  Ground  State 

78 

QQQO 

Packed  MR1  Data 

79 

QQQQ 

Packed  Eltro  Data 

80 

QCQQQQQQ 

Packed  Luxmeter 

81 

QQQQ 

Packed  Night  Path 

82 

QQQQQQQ 

•  Packed  Vis  lab 

83 

QQQQQQQQQQ 

Packed  Eppley  Oata 

84 

QQQQQ 

Packed  Barnes  Data 

5 

Total  Rain  1 

4:  General  Replace  Job  and  Job  To  Create  Hourly  File 


1 0O*LENIR,Tl 0O,CNI 77009. 

IIO'ATTACH.XX ,V6463F IXPROCS, ID*PATT,N8*1 . 
I 20«IESIR,0PANAP , XX ,HY«NE1 . 

I 30»IESIB,REPlAC2,XX,HYHAEB,TrHNB,YY. 

1  40*lESII»,0P»MAP,XXf  HTHHE3. 

130*REnjR»,XX. 

1 60**E0R 

170*DISPLAY, I ,31, 4,44,63,28,24. 

18000ME 

190»«E0R 

20O*REPlACEXX,A4, 1 ,1,31,21. 
210*R£PUCEXX,43,I,1,31,23. 

220»D0AC 

2?0**E0R 

240*01  SPLAY, 1 ,31 , 4,04,63,28,29. 

2S0*D0ME 


3139  LENIEUX 


1 00*LEN IE , T1 00 ,CN 1 77000 . 

110*ATTACH,XX,U4443rIXPR0CS.ID*PArT,HR*1. 

120*BEGIR,I*»ERIK,XX,HYHMEB. 

1 30*BE3IN,??, XX, NNIYI, WYNNES. 

1 40*  BEG  IN ,  ?? ,  XX ,  NN2Y  2 ,  HY HMEB . 
150*8E3IN,0PANAP,XX,HYNHEB. 

160«*E0R 
170*  NO  YR 
1 80*  *EQR 

190*BEG,DB1 ,H81 ,«B1 IcKO.DE l , HE  I ,HEl 0PICK 

200* DOME 

210»-*0R 

229«8EG,DB2,H82,NB2*EN0,BE2,HE2,NE2«PICK 

230*3Gn£ 

240=«E0R 

230*DISPLAY,1 ,31 ,4,64,63,28,29. 

26O*0GNE 
270*»EGR 
280** EOF 
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3159  LENIEUX 


W  rj  M  r  j 


;ific  Job  To  Create  Hourly  File 


190»lEH]£,T100,C«I77000. 

1 1 0»A?TAC*,XX,U6465f  IXPAOCS,  Itl*PATTf  flR*J . 

12C*SC5:n,:^!K,XX,H301EB. 

t30=PEGIN,Ef*Cv90fXX,J^B3,H30lEB. 

l4$«3fGlN,E**0v9C,XX,rE5e2,H30l£B. 

l50*S'EG:<<f3f>AAAP,XX,H301EB. 

1iO**E3* 

1 70*  Ot  83 
!6C=»E3R 

I^O^EG.t.O.OsEwB.SI.B.S^tPICK 

00=D0»*E 

10--E38 

:-0*PEG,31 ,10,0»EW,3t  ,23,S9*PICK 

jo*:o*<e 

24C=»E0« 

2*0= D I SPlAY,  1 ,31, 10, 64, 65, 28, 29, 33, 34,13,14,18,19. 
260*D0"E 

270**£» 

280>«E3F 


3159  LEAIEUX 


fj. 


■rv1.',1  ‘  •! 


■L.”  »T  V-'*  fc^"  *»  -  It-"1-  *  ' 


Figure  7:  W6465FIXPROCS 


1 00  =  .P*0C  ,£AOO/9,PI  sMHr  T ,  P2*T£flPMrt«rY  HOtiRL  T . 

I  IOsAfTACH(  rAP£2.  »X_PI  mn.IO^LQUEU^H^PESN.Fa^J.J.HR'-t  ) 
120sAfT4CH'TAPEl,XX>f  «I*0il»,IDsl3U£LL,SMsPER*,PUsA,l,!»R's1  ) 
I 30sAfTACW< TAPES,?’, [9sP4Tr,?UsA,9) 

1  43sAf  TaCHI  E4  !C,E? IX  j4S*Ai, 473X3644, IDs?AfT,l*Rst  ) 

i 50 = at tacmi cnuD, chhdx 3*44, :dspat r, hr- n 

1 43 s  ATTACH!  CAl,CAl79X  3444, 13=PATr,f1R=t> 
i;o*ArrACHtsu»s,5ij8sx3«4«,!j=?ArT,nR*i ) 

I30SHAP:3FF ) 
l?0*L3Ser(?R£Scf«2ERO> 

2)0*L0«0(£RIC,C.*»AD,  CAL,  SUBS) 

2»0  =  ex£CUTE, ,PL  =  «  5000. 

220sRETURH,TA?E2,rAP£3,TAP£4,£RIC,CHAO,CAL,5UBS. 

210S*EQR 

2«0*.PRQC,E7?,Pi5Artrtfr,P2-rE.if«n.irrHO'jRir. 
2S0**TTACh'.T---?E2,tX  Pi  nlH,ID=L2'JE-L,3i»=?S»M,PU=A,B,(iP=l ) 
2sO-AT'ACH<  T APE 3 , X X  Pi  i:40rR,I0*L0UE'.l,3N*PEftrt,?U*A,9,HR*: ) 
2;O^AfTA.>(TAPEi,?2*tO'PArT,?U*A,|) 

290  *  ATTACH!  i®  ;C,E’ri'i«‘!:i1i47?X3s4A,lD’PArT,HR*l  ) 

2’9  » ATTACH!1: AMD, :.•<«!)/ J*44, 10*P4rr, HR* t  > 

300sAf TACH! CAL ,CA*.92X 3s44,  [BSPATT, HR* J ) 

JlO-ATTACH'  jiJBS,  jU83<3s44,  ID*PATT,MR  =  I ) 

120  =  -AP ( OFF  > 

JJ0*l3SSTfPRE3£r*:£RO> 

340=1340' ERIC,  C*v*D, CAL, SUBS) 

3!0=EXECUTE,,PL*'3000. 

3oOsP£T jPM, TAPE2, TAPES,  TAPES, EMC, CHHO, CAL, SUSS. 

J,T0*«E3R 

3a0  =  .PR0C,EJUL90,?1*rtrtAYT,P2*TE«P,1.1MTrHOURLY. 
3«l)=ArTACH(TA»E2,XX_PI  «IN,  ID»LOUEU,  SN»P£Rn,PU*A,  3,  HR*1  ) 

400  s ATTACH ( TAPE! , XX* PI [nlWOTR, IO*LOUELL,SN*PERN, PU*A  ,B,  HR*  I ) 
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410*ATTACH<  TAPE4.P2,  IB-PATT,PU«A,I) 

420*ATTACH< ERIC, ERIKHIAJUL9OTHRUQCr0OX3444, ID-PA TT.MR-1) 
430-ATTACHI CNND,CRNDX3444, ID-PAT  T,RR*1 ) 

440* ATTACH ( C AL ,CAL82X 3444, ID* PAT T ,HR*1 ) 

430»ATTACH( SUBS, SUISX 3444, ID-PAT T,rtR*1 ) 

440*»AP(0FF) 

470*LDSET ( PRESET -ZERO) 

480-L0A0! ERIC, C AND, CAL, SUBS) 

490*EXECiJT£,,PL*13000. 

500-RE  H)  AN,  TAP*  2,  TAPE!,  TAPE4,  ERIC  ,CNND, CAL, SUBS. 

3I0—E0R 

320*. PROC.ENOVSO, PI  »HMHyrIP2»rEHPN,1NYrH0URLr. 

530-ATTACH  TAPE’, XX. PI  »U»,ID*LOUELL,SN*?ESrt,Pa*A,B,HR«l ) 
540*ATrACH(TAPEl,XX*P1.NIN0IR,ID-l3l»£lL,SN-P£SH,PU-A,9,rtR-1  > 
350»ATTACH(TAP£4,P2*ID»P4TT,PU=A,3) 

5oO*ATTACNi  ERIC,  E91K.1INNQV30  Nft -JX  3444,  ID*PATT,HR«1 > 
370*ATTACHiCNNfl,CN!»0X3444,I9aPATr,HR*l  > 

580-ATTACHi CAL,CAL32X3444,ID*?ATT,NR*I) 

3?0*ATTACH i SOBS ,SU8SX3444, ID-PATT ,HR*1  > 

400-HAP(0fP) 

410-LDSET! PRESET -ZERO) 

420-LOAD!  ES!C,C*ND,  CAL,  SUBS) 

430-EXECUTE,, PL-13000. 

440-RETURN, TAP£2,TaPE3,TAPE4, ERIC, CHAO, CAL, SUBS. 

430**E3R 

440*.PROC, INERIK.Pt -TENPHNNYTHOURLY. 

470-R£0UESr<TAPE4,»PF) 

630-ATTACH! INITQP,INITERIXFILEX3444,ID-PATT) 

690»AA?!QFr 1 
700-IHIT0P. 

7IO-CATAL06! TAPE4,Pt , ID*PATT,£X»A,HD*B) 

720*RETURN,TAPE4, IHITOP. 

730—E0R 

7  40* . PftOC ,QPA NAP , PI -FILENAHE . 

730«ATTACH( TAPEj.Pt , ID*PATT,PU*A,B) 
740-ATTACH(ERIC,ERIC00RX3444,ID*PATT,HR*t ) 

770*ATTACH( CHAD, CANDX3444, ID-PAT T,NR*I ) 
780*ATTACH!CAL,CAL79X3444,ID«PATT,rtR*t) 
7?0«ATTACH<SU8S,SUS$X3444, ID-PATT, HR-1) 
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f  t' 


800*HAP( OFF ) 

810*1&SET(PRE3ET*ZE?0> 

820*L0AD(ERIC,CfiHD,CAl.,SU8S> 

830*EXECUTE,,PL*I5000. 

840*REHJRH,TAP£4, ERIC, C«ND, CAL, SUBS. 

8S0**E38 

840*. PROC, REPLACE, PI  *U4443MMHYYHQL'RLf  ,P2  =  rEHP.HAhYYHQURLY,P3*YR. 
87Q*ATTACH, TAPEi.PJ , IB*PATT,PW*A,  I. 

E  3Q*ATTACH,TAP£tO,P2, Ifl*?ATT,PU*A, 8 . 
890*ATT4CH,ERIC,ERIKX3644,I3*?AT7,HR*!. 

900*  ATT  ACH,C<1HD,CHRDX  3464 ,  [3*PATT,HR=1 . 
f I 0*ATTACH,C4L,CAL_P 3  X34a4,ID=PArT,rtS=l . 

9  20*  AT  T  ACH,  REAL  AC,  REAL  AC  X  3  644,  10*PArT,,lR=l . 

9  JO* ATTACH, SUBS, SUBSX 3464, ID=PATT,rtR'=! . 

940*NA?:0FF> 

910*LDSET(PR£3Er=ZERQ» 

9i0*L9#0'ERrCf CHHD,CAL,ftEPLAC, SUBS) 

9-70=EXECUT£,  ,RL*  15000. 

990*£XIT(U) 

990*P£7URi»,  TAPES, TAPSIO,  ERIC, CPNO, CAL,  REPLAC, SUBS. 

1 000*«EQR 

1010*.PR0C,REPL*C2,PI  *U4443HPHfYH0UPLt  ,P2*rErtPHHhTYHOUf!LY,P3*YR# 
1 020 * ATTACH, TAPEi.Pl.IDsPATT.PUsAjB. 

1 030*ATTACH, TAPE! 0,P2,ID*P ATT, PU*A,B. 
1040*ATTACH,ERIC,RE?LACEJOBX3444,ID=?ATT,MR=I. 
1050*ATTACH,CPND,CPH!)X3464,I8*PATT,HR*1 . 

1 060* ATTACH, CAL, CAL  PJ  X3664,lD»PATT,flR*l . 

1 070* ATTACH, SUBS, SUBSX 3464, [ D*PAT7,nRst . 

1080*HAP!0FF) 

I090*LDSET(PRESET*ZERO) 

1 1 00=L3AD(ERIC,CHHO, CAL, SUBS) 

1 1 IO*EXECUTE, ,PL*t 3000. 

1!20*EXIT«J) 

1 1 30*RETURH,  TAPE4,TAPEI0,ER  IC,CHN8,CAL,  SUBS, 
t I 40«*E08 
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I.  INTRODUCTION: 

The  following  are  Che  two  main  problems  of  Galois  theory  over 
che  raclonals: 

(1)  To  determine  Gal(f),  che  Galois  group  of  f(x),  given  che 
polynomial  f  Or) . 

02)  To  find  a  polynomial  f(x)  having  a  given  permutation  group 
G  as  Galois  group. 

The  first  has  been  solved  by  many  people  In  various  ways.  In 

Section  III  we  examine  a  couple  of  these.  When  used  In  conjunction 

they  provide  the  most  effective  method  known  of  computing  Galois  groups. 

One  of  the  methods  -  Stauduhar's  method  -  Is  improved  upon  for  degree 

n  <  5  In  Section  IV  by  explicit  calculation  of  Galois  resolvents. 

The  second  problem  listed  above  Is  as  yet  unsolved.  Partial 

results  do  exist.  For  example,  Schafarevlch  [6]  has  shown  that  all 

solvable  groups  can  be  realized  as  Galois  groups.  Also,  It  Is  easy  to 

show  chat  A  and  S  can  always  be  realized  as  Galois  groups.  See 
n  n 

Tschebotarow  [11] .  There  have  also  been  Isolated  cases  of  someone  real¬ 
izing  some  particular  group  as  a  Galois  group.  See  Erbach  [4],  La  Macchia 
[7J.  Also  Felt  (unpublished)  has  recently  realized  PSL(3,p),  p  i  -1 
(mod  24)  as  Galois  groups.  However,  no  one  has  yet  developed  a  method 
powerful  enough  to  show  all  finite  groups  can  be  realized  as  Galois  groups. 

In  Section  V,  a  computer  search  for  M^,  che  Mathlen  group  of 
degree  11,  Is  presented.  It  Is  Intended  to  be  a  contribution  to  the 
second  problem  above.  The  method  of  search  Is  based  on  Van  der  Waerden's 
method  of  computing  Galois  groups,  presented  In  Section  III. 


II 


OBJECTIVES: 


The  main  objective  of  this  project  was  to  Investigate  methods  of 
calculating  Galois  groups  of  polynomials,  and  to  try  to  apply  these 
methods  to  the  unsolved  problem  In  Galois  theory  mentioned  In  the  Intro¬ 
duction.  In  particular,  I  had  hoped  to  develop  some  sort  of  method  of 
realizing  as  a  Galois  group.  Rather  than  directly  attack  this 

problem,  I  carried  out  a  computer  search  for  based  on  one  the 

methods  of  calculating  Galois  groups  I  investigated. 

III.  THE  METHODS  OF  VAN  PER  WAERDEN  AMD  STAUDPHAR: 

The  following  development  is  essentially  a  condensation  of  the 
excellent  paper  by  Van  der  Linden  [8].  For  proofs  of  the  theorems,  see 
Van  der  Linden's  paper. 

We  discuss  two  methods  of  calculating  the  Galois  group  of  a  poly¬ 
nomial  f Cx) .  We  shall  see  that  when  used  in  conjunction  they  provide 
a  very  effective  method  of  calculating  Galois  groups. 

We  place  the  following  restrictions  on  f(x).  f(x)  must  be  a 
monlc,  irreducible  polynomial  with  integer  coefficients.  Let  G  denote 
the  Galois  group  of  f(x),  and  let  f(x)  be  of  degree  n,  so  that 

G  c  S  . 
n 

The  first  method  is  due  to  Van  der  Waerden  [13] . 

r 

Let  d1t...,d  be  positive  integers  with  2.  d.  ■  n.  We  say 
1  r  i-1  1 

ct  €  Sn  has  cycle  pattern  (d^ . df)  if  a  is  the  product  of  r  dis¬ 

joint  cycles  of  lengths  d^,...,d^.  Let  p  be  a  prime  number.  Suppose 

that  ?  •  (f  mod  p)  €  F^tx]  factorizes  as 

r 

f  ■  n  ?  with  degree  (f . )  “  d . , 
i-1  1  11 

where  the  are  distinct  monlc  irreducible  polynomials  in  F^tx] .  In 


this  situation  v*  say  p  belongs  to  the  cycle  pattern  (d^,...,dr). 

We  also  want  to  speak  of  the  cycle  pattern  belonging  to  the  "prlae  at 
Infinity".  This  can  be  done  by  replacing  in  the  above  definition 
Fp[x]  by  R[x]  and  (f  mod  p)  by  f.  In  this  case  all  d^  are  1 
or  2. 

Theorem  1.  Suppose  that  p  is  a,  possibly  infinite,  prime,  which 
belongs  to  the  cycle  pattern  (d^,...,dr).  Then  there  exists  an  element 
a  of  G  of  cycle  pattern  (d^,...,dr). 

To  apply  the  theorem,  we  make  a  list  of  all  transitive  subgroups 
of  Sn  which  contain  elements  with  the  encountered  cycle  pattern. 

Such  a  list  can  be  formed  from  Butler  [2].  (His  paper  contains  a  list 
of  transitive  subgroups  and  the  cycle  patterns  occurring  in  each  one  for 
groups  of  degree  n  £.  11.)  By  Theorem  1  we  know  G  is  in  this  list. 
This  is  not  sufficient  to  determine  G  in  general,  unless  we  find 
G  ■  SQ  Cor  G  »  Aq  if  disc(f)  is  a  square  as  we  shall  see).  However 
the  following  theorem  allows  us  to  make  a  reasonably  certain  guess  as  to 
which  member  of  tbe  list  G  is. 

Theorem  2.  (TschebotarOw  Density  Theorem) .  Let  (d^,...,dr)  be  a 
cycle  pattern.  Let  C  be  the  set  of  elements  of  G  with  cycle  pattern 
Cd^,...,dr),  and  let  P  be  the  set  of  primes  belonging  to  (d^,...,d^) 
Then 

11m  ;-P  1  p>  .  *£  . 

#{p.  <  x  :  p  prime}  #G 

X  * 

Bounds  do  exist  for  the  least  prime  belonging  to  a  given  cycle 
type,  however  at  present  they  are  not  very  good. 

This  theorem,  then  lets  us  narrow  our  list  down  (with  moral  cer¬ 
tainty)  to  those  whose  cycle  frequencies  match  those  encountered.  Often 


this  narrowed  down  list  contains  only  one  subgroup  of  S  .  However, 

n 

it  is  only  with  the  following  aethod  that  we  obtain  certainty. 

We  now  discuss  the  method  of  Stauduhar.  This  method  is  actually 

much  older  than  Stauduhar  [10]  (see  for  example  Dehn  [3])  and  is  based 

on  the  use  of  Galois  resolvents.  These  are  defined  as  follows.  Write 

ti  «  (u^ , • • • , u^) ,  where  the  u^  are  lndetermlnates  over  Q.  Consider 

the  field  «J(u) •  We  have  an  action  of  Su  on  $(u)  by  permuting  the 

u^.  For  every  subgroup  H  of  Sn  we  denote  by  <|(u)  the  fixed 

field  of  H.  By  Galois  theory,  we  have  Gal (u) /$ (u) H)  «  H.  Let  H' 

H*  H 

be  a  subgroup  of  H;  then  we  have  <J(u)  ■  8j(u)  (F  (u) )  for  some 

H' 

FCu}  €  *Cu)  .  We  may  choose  F(u)  €'7[u].  Let  H,(z,u)  - 

n  (z  -  oF(u)),  where  R  is  a  set  of  left  coset  representatives  of 
<r€R 

E*  in  H,  i.e.  H  is  the  disjoint  union  of  oH'  for  o  €  R.  We  call 
the  Galois  resolvent  of  H'  in  H  corresponding  to  F(u). 

Theorem  3.  Let  f(x)  €  2[x]  be  monic  and  Irreducible,  and  G  c  SQ 

its  Galois  group.  Let  H  c  s  be  a  subgroup  containing  G,  and  H'  c  h 

n 

a  subgroup.  Let  a  €  H.  Write  a  •  (a.,..., a  ),  where  the  a.  are  the 

—  in  l 

roots  of  f(x).  Then 

a)  € 

b)  if  G  c  ctB'ct-*'  then  the  root  <7F(a)  of  H»(z,ot)  is  in  2, 

c)  conversely,  if  aF(a)  €  2,  and  oF(£)  is  not  a  double  root  of 
*H  h'^Z’— ' )»  tfien  G  c  oHo”1. 

We  apply  this  theorem  in  the  following  way.  Suppose  one  knovs 

Chat  G  c  E,  where  E  is  a  transitive  subgroup  of  SQ  (for  example, 

one  knows  this  for  H  ■  S  ).  Using  Galois  resolvents  and  Theorem  3,  we 

n 

can  determine  whether  or  not  G  c  ctH'ct”1  for  some  maximal  transitive 


subgroup  ttf  c  E  and  sons  a  €  R.  If  this  occurs  for  no  maximal  sub¬ 
group,  than  G  ■  H.  If  however,  G  c  oE'a’1,  we  replace  H  by  oH'ct-1 
and  repeat  the  procedure. 

We  compute  $a  a# Cz,^)  with  the  help  of  Its  roots  which  we  com¬ 
pute  using  the  roots  of  f.  Because  we  know  that  #_  n,(z,<x)  €  afz], 
we  can  calculate  It  exactly  on  a  computer  using  high  precision  arithmetic 
If  a  zero  of  aiCz,ji)  is  "almost”  an  integer,  we  can  round  it  to  an 
integer.  With  the  help  of  long  integer  arithmetic  we  can  show  that  this 
integer  Is  a  root  of  ai(z,a).  Our  Improvement  in  Section  IV  of 
Stauduhar's  method  calculates  these  resolvents  in  terms  of  the  coeffi¬ 
cients  of  f  when  degree  f  •  n  <  5. 

If  we  get  G  c  oR'ct  ^  for  some  a  €  H,  we  merely  renumber  the 
roots  of  f  to  get  G  c  h* . 

In  the  rare  case  (see  Van  der  Linden  [8J)  that  #„  „,(z,a)  has 
a  double  integral  root  one  has  to  take  ano ther  Galois  resolvent  of  H' 
in  R. 

One  special  case  of  Galois  resolvents  is  the  resolvent  of  A  in 

n 

S  .  In  this  case,  we  take  F  ■  II  (u.  -  u  ).  Then 

l<i<.j<n  1  J 

A  ^z»— ■ )  *  (z  -  F)(z  +  F) 
n’  n 

-  z2  -  n  (u.  -  u.)2  . 

ISicJSa  1  J 

2 

So  ^  Cz,jx)  *  z  -  d,  where  d  ■  disc(f),  the  discriminant  of  f. 
n*  n 

So  we  have  G  c  AQ  iff  d  is  a  square  in  H.  We  also  see  that  in  this 

case,  •$  cannot  have  a  double  integral  root  because  d  t  0. 

9n*  n 

Stauduhar  [10]  gives  data  for  using  his  method  for  4  <  n  <  7. 


We  now  discuss  Che  use  of  boCh  methods  together.  Van  der  Waerden' 


method  gives  us  a  list  of  possible  subgroups  of  SQ  for  G.  Nov  ve  can 
use  the  Galois  resolvent  of  Stauduhar's  method  to  show  that  G  is  con¬ 
tained  in  one  of  the  conjugates  of  one  of  the  subgroups  of  the  list.  If 
this  is  the  case  we  know  G  exactly.  If  not,  G  must  be  bigger  than 
our  first  guess. 

This  method  is  in  practice  the  most  efficient  procedure  in  general 
because  it  usually  avoids  calculating  resolvent  equations  of  high  degree. 
Also  it  avoids  the  most  difficult  part,  computationally,  of  the  Van  der 
Waerden  method  -  factoring  modulo  large  primes. 

IV.  EXPLICIT  CALCULATION  OF  THE  GALOIS  RESOLVENTS  FOR  DEGREE  N  -  4.5. 

We  first  consider  the  cases  n  •  2,3  for  completeness.  In  these 

cases,  the  Galois  group  depends  entirely  on  dlsc(f). 

2 

If  f(x)  *  x  +  bx  +  c,  then  the  irreduclbllity  of  f  implies 
2 

that  discCf)  ■  b  -  4c  is  not  a  square  in  1.  Hence  G  -  S2- 
3  2 

If  f(x)  ■  x  +  bx  +  cx  +  d,  then  G  ■  A^  or  depending 

on  whether  or  not 

discCf)  -  -4b3d  +  b2c2  +  18bcd  -  4c3  -  27d2 

is  a  square  in  2t. 

The  case  n  -  4. 

Let 

f(x)  ■  x4  +  bx3  +  cx2  +  dx  +  e 

be  a  monlc  Irreducible  polynomial  in  7[x] .  The  tree  of  transitive 
subgroups  of  is  displayed  below  in  Figure  1. 


is  the  factorization  of  $  over  the  integers. 

s4*d4 

2  H  z*  2  2 

Let  F(u)  «  uiu2  +  U2U3  +  U3U4  +  U4U1*  ^en  we  have 


where 


4  4 


2  2  2  2 

S1  *  ala2  +  a2a3  +  a3a4  +  a4ai 

2  2  2  2 

s2  aia4  +  a4a3  +  a3a2  +  a2al* 


Then  G  ■  C,  iff  disc(#  _  )  is  a  square  in  7t. 
4  °4*C4 

"  (8r82)2 


2  2  2  3 

c^b  -  4cjb  +  4c^  -  16c^c2. 


The  case  n  ■  5. 

Let 

f(x)  *  x3  +  bx4  +  ex'*  +  dx2  +  ex  +  f 

be  a  monic  irreducible  polynomial  in  2T[x] .  The  tree  of  transitive 
subgroups  of  S5  is  given  in  Figure  2  below. 


FIGURE  2  -  TRANSITIVE  SUBGROUPS  OF  Sg 

The  Galois  resolvents  we  need  to  compute  are  .  (i.e.  disc(f)) 

S5,A5 

a  * 

Sj.Ng’  D5,C5* 

disc(f)  -  3125f4  +  Agf3  +  A2f2  +  Ajf  +  AQ 


where 


A3  -  -2500be  +  2000b  d  -  3750cd  2250bc  -  1600b c  +  256b 

A2  -  (2000c  -  50b2) e2  +  (2250d2  +  (160b3  -  2050bc)d 
-  900c2  +  1020b 2c2  -  192b4c)e  -  900bd3 
+  (825c2  +  560b 2c  -  128b4)d2  +  (144b3c2  -  630bc3)d 
+  108c5  -  27b2c4 

Ax  -  (-1600d  +  160bc  -  36b3)e3  +  (1020bd2  +  (560c2  -  746b2c 
+  144b4) d  +  24bc3  -  6b3c2)e2  +  ((24b2  -  630c)d3 
+  (356bc2  -  80b3c)d2  +  (18b2c3  -  72c4)d)e 
+  108d5  +  (16b3  -  72bc)d4  +  (16c3  -  4b2c2)d3 
Aq  *  256e5  +  (-192bd  -  128c2  +  144b2c  -  27b4)e4 

+  ((144c  -6b2)d2  +  (18b3c  -  80bc2)d  +  16c4  -  4b2c3)e3 

4  33  22  322 

+  (-27d  +  (18bc  -  4b  )d  +  (be  -  4c  )d  )e  . 

2 

As  always,  G  c  A^  iff  disc(f)  ■  D  for  some  D  €  71. 

Next  we  compute  „  the  so-called  sextic  resolvent  of  f. 

S5,N5 

In  order  to  do  this,  we  first  compute  n  .  Set 

a5,d5 

F(u)  ■  UjU2  +  U2U3  +  U3U4  +  U4U5  +  U5U1 

'  ulu3  ‘  U3U5  “  U5U2  -  U2U4  ’  U4U1‘ 

2 

F  belongs  to  D^.  It  can  be  seen  that  F  belongs  to  N^.  Thus,  if 

we  compute  $  n  ,  we  can  get  M  by  forming  the  polynomial  whose 

roots  are  the  squares  of  the  roots  of  $.  _  . 

A5,d5 

6  5  A  3  2 

Q  (z,a)  »  z°  +  a^z3  +  a2z  +  a^z  +  a^z  +  a^z  +  a^ 

where 

a^  ■  a3  ■  0  a^  ■  32D 
a2  -  -3c2  +  8bd  -  20e 

a,  -  3c4  -  16bc2d  +  16b2d2  +  16b2ce  -  64b3f 
4 

+  16cd2  -  8c2e  -  112bde  +  240bcf  +  240e2  -  400df 


afi  -  -c  +  (8bd  +  28e)c  +  (-16b  e  -  16d  +  48bf)c 
+  (-16b 2d-  112bde  -  80df  -  176e2)c2 
+  (64b 3de  -  192b 2df  +  64bd3  +  224b2e2  -  640bef 

+  224d2e  +4000f 2)c 

4  2  3  2  2  2  2 

-  64b  e  +  384b  ef  -  128b  de  -  1600b  f 

+  640bd2f  -  64bde2  -  64d4  -  1600def  +  320e3. 

6 


Now  let  #  _  (z,a)  -  n  (z-z  ).  By  the  comment  above, 

A5,D5  1-1  i 


m  -  n  (z-zp. 

b5*  5  1-1  1 

This  allows  us  to  calculate  the  coefficients  of  $  „  in  terms  of 

S5'N5 

those  of  _  .  Write 

A5’D5 

<&S5,N5(Z*^)  *  z6  +  blz5  +  V*  +  b3z3  +  b4z2  +  V  +  b6* 

Then  we  find  that 


b 

b 

b 

b 

b 

b 


1 

2 

3 

4 

5 

6 


2a2 

a2  +  2a4 
2a2a4  +  2a6 

a4  +  2a2a6 

-1024  disc(f)  +  2a^a^ 


‘6  ' 


One  can  show  that  n  and  hence  „  can  never  have 

multiple  roots.  See  Tschebotartfw  [11]. 

It  remains  to  calculate  $  „  .  Unfortunately,  I  was  unable  to 

D5,C5 

carry  out  this  calculation.  To  see  why,  we  need  to  look  at  our  original 

discussion  of  Galois  resolvents. 

H'  ta^en  with  respect  to  F(u)  is  really  the  minimal  polyno- 
H 

mlal  for  F(u)  over  $(u)  .  Thus  the  coefficients  of 


are  in 


However,  we  can  show  that  in  fact  the  coefficients  are  in  a  sub- 
ring  of  <|Cu)  . 

Let  R  •  . . .  ,pQJ  where  the  p^,  are  the  elementary  symmetric 

functions  of  the  Uy 


n  ■  £  “u'i 


£  u.u  ,  ...,p  -  FT  u, . 

l<i<j<n  1  j  n  i-1  1 


We  call  an  element  of  R-integral  if  its  unique  monic  minimal  poly- 

S 

nomial  over  <J(u)  n  has  coefficients  in  R.  The  R-integral  elements  A 
of  <}(.u)  form  a  ring  (see  Jacobson  [5]).  In  particular,  since 

x11  -  p  xn  1  +  p2xn  2  •••+  (-l)np  -  n  (x  -  u. ), 

1  n  i=l  1 

each  u^  €  A.  A  obviously  also  contains  R.  Since  A  is  a  ring,  it 
contains  any  polynomial  of  the  ui  with  integer  coefficients.  Thus  we 
see  that  F(u)  €  A  and  similarly  so  are  all  the  roots  of  H,.  Con¬ 
sequently,  the  coefficients  of  #„  are  in  A.  Thus  we  can  conclude 

cl9  si 

JJ 

that  the  coefficients  of  $  ,  are  in  <j(u)  fl  A. 

ii9  n.  ““ 

We  found  in  all  the  other  cases  that  we  were  able  to  go  still 

farther  and  could  write  the  coefficients  of  in  R[E(u)]  where 

E(u)  is  a  polynomial  of  the  u^  with  integer  coefficients  invariant 

under  H.  So,  in  other  words  we  would  like  to  show  that  for  H  *  Dy 

H'  *  Cy  fj(ul  ^A*  R[E(u)].  However,  I  was  actually  able  to  show  that 

the  constant  term  of  #  r  does  not  lie  in  R[E(u)].  Hence 

°5’C5 

<Ku)H  H  A  J  R[E(u)  ] . 

g 

The  determination  of  <J(u)  D  A  is  necessary  in  order  to  cal¬ 
culate  _  .  If  no  assumptions  are  made,  the  calculation  is  nearly 

D5,C5 

impossible. 

Thus  in  this  case,  one  must  use  the  methods  described  in  Section 

III  to  distinguish  and  Cy 

41-14 


V 


A  COMPUTER  SEARCH  FOR.Mj^: 


We  extract  Tables  1  and  2  from  Butler  [2].  We  wish  to  find  a 
polynomial  f  whose  Galois  group  G  is  M^.  Rather  than  just  generate 
polynomials  and  compute  Galois  groups  blindly,  we  should  like  to  find 
some  characteristic  of  which  would  show  up  in  the  polynomial  f 

if  G  *  and  use  this  characteristic  to  generate  polynomials.  The 

Van  der  Waerden  method  of  computing  Galois  groups  gives  us  a  very  simple 
characteristic  of  f. 


TABLE  1  -  GROUPS  OF  DEGREE  11 


Butler 1 s 
notation  for 

group 

name 

order 

even 

T1 

C11 

11 

+ 

T2 

22 

T3 

half 

metacyclic 

55 

+ 

T4 

metacyclic 

110 

T5 

LC2.11) 

660 

+ 

T6 

M11 

7920 

+ 

T7 

A11 

Cl/ 2) 11! 

+ 

TABLE  2  -  CYCLE  TYPE  DISTRIBUTION 


l11 

iV 

1*25 

2  3 
13 

iV 

1*52 

2*3*6 

1*2*8 

1*10 

11 

T1 

1 

e 

e 

e 

• 

e 

• 

• 

• 

10 

T2 

1 

e 

11 

e 

e 

e 

s 

e 

9 

10 

T3 

1 

• 

• 

• 

e 

44 

• 

• 

e 

10 

T4 

1 

e 

11 

e 

e 

44 

• 

• 

44 

10 

T5 

1 

55 

♦ 

110 

e 

264 

110 

• 

e 

120 

T6 

1 

165 

• 

440 

990 

1584 

1320 

1980 

e 

1440 

From  Table  2  ve  note  that  of  the  6  groups  listed,  Mp  is  the 

3  2 

only  group  with  the  cycle  types  1  4  and  1*2*8  occurring.  Thus  if, 

3  2 

for  a  polynomial  f,  p  belongs  to  either  cycle  type  14  or  1*2*8, 
then  G  *  Ap,  or  Sp.  We  note  also  that  if  some  p  belongs  to 
cyclic  type  11,  then  f  is  guaranteed  to  be  Irreducible. 

The  above  facts  form  the  basis  for  the  computer  search.  If  we 
force  f  to  satisfy 

f  •  g  (mod  2) 
f  s  h  (mod  3) 

where  g  is  irreducible  modulo  2  and  h  belongs  to  cycle  type  1*2*8 
3  2 

or  14,  then  we  are  guaranteed  by  the  congruence  relation  modulo  2 
that  f  is  irreducible,  and  we  are  guaranteed  by  the  congruence  rela¬ 
tion  modulo  3  that  G  «  M^,  A^,  or  Sj^.  Then  such  polynomials 
can  be  tested  to  see  if  they  have  a  square  determinant.  If  so,  then 
G  ■  Mp  or  A^. 

To  distinguish  these  last  two  cases  requires  a  bit  more  work. 
Usually  the  method  of  Van  der  Waerden  will  indicate  that  G  is  one  or 


£h.«  other.  Hbvever,  to  he  absolutely  sure,  at  this  point  we  use  a 
method  that  appears  in  McKay  19] . 

We  can  distinguish  A^  and  M^  by  their  transitivity  - 
is  nine-fold  transitive  whereas  M^  is  only  four-fold  transitive. 
Consider  the  see  of  sums  of  roots  of  f  five  at  a  time.  A1 ^  acts 
transitively  on  this  set,  but  does  not.  Thus  if  we  form  the  poly¬ 

nomial  g  whose  roots  are  sums  of  the  roots  of  f  five  at  a  time,  then 
gCal  is  irreducible  iff  G  *  A^.  If  G  *  Mj^,  then  g(x),  which  is 
of  degree  *  462  has  an  irreducible  factor  of  degree  66  corres¬ 

ponding  to  the  Steiner  system  SC4,5,11). 

Admittedly,  this  last  test  is  very  difficult,  but  it  would  only 
be  applied  to  polynomials  which  we  were  already  very  sure  were  M^. 

In  the  search  that  was  actually  carried  out,  I  chose  h  to 

3  2 

belong  to  cycle  type  1*2*8  since  it  occurs  more  commonly  than  1  4  . 

To  generate  the  polynomials  f,  I  merely  generated  all  mod  2  polynomials 
irreducible  of  degree  11,  denoted  P(.11.2);  and  all  mod  3  polynomials 
irreducible  of  degrees  1,  2,  and  8,  denoted  ?$1,3),  P(2,3),  and 
PCS, 3)  respectively.  Then  one  member  from  each  set  was  chosen  and  f 
was  forced  to  satisfy  the  previously  mentioned  congruence  relations 
mod  6.  The  coefficients  of  f  were  chosen  to  be  between  -2  and  +3 
inclusive. 

We  note  that  an  arbitrary  number  of  congruence  relations  could 
have  been  forced  on  f,  so  that  the  first  few  primes  could  he  made  to 
belong  to  cycle  types  that  best  approximate  their  occurrence  in  M^. 

Then  by  "keeping  in  line"  with  the  Tschebotar&r  Density  Theorem,  one 
would  hope  to  produce  an  f  for  which  G  ■  M^.  However,  such  a  poly¬ 
nomial  must  still  undergo  all  the  testing  described  above.  With  so  many 


The  search  was  unsuccessful,  however,  it  did  manage  to  find  a 


polynomial  for  which  G  ■  A^.  We  now  present  this  polynomial. 

f(x>  -  x11  +  3x10  +  3x°  +  x7  -  2x6  +  3x5  -  2x4  -  2x2  -  x  +  1. 

The  roots  of  f  are 

a1  -  0.4855  a4,a5  -  -0.1299  ±  0.94161 

a2  -  0.6345  a6,a?  -  0.6173  ±  0.70891 

a3  -  0.8491  ctgiCtg  -  -0.5146  ±  0.93111 

a10’all"  _1*8223  -  0.95351 

dlscCf)  -  57,630,486,432,885,025 
-  52-ll2-4,364,7912. 

We  factor  f  mod  selected  primes: 

f (x)  »  x11  +  x10  +  x9  +  x7  +  x5  +  x  +  1  (mod  2) 
a  (x+1)  (x2+l)  (x^-*7-X4-x2-x2+x4\L)  (mod  3) 
a  (x-8)(x-6)(xf2)(x2-5x+7)- 

Cx6+3x54x4-3x3+8x2-2xf2)  (mod  17) . 

Since  disc(f)  is  a  square,  G  c  However  the  factorization 

mod  17  implies  that  G  *  A^. 

VI.  RECOMMENDATIONS : 

There  are  at  least  2  ways  the  results  of  this  paper  could  be 
extended: 

D 

(1)  The  problem  of  determining  the  structure  of  <(u)  ft  A,  for 

H  ■  Dj  (mentioned  in  Section  IV)  could  be  worked  on.  Then 

r  could  be  calculated. 

°5»C5 

(2)  There  is  no  reason  to  believe  the  computer  search  of  Section  V 
cannot  be  completed  in  a  reasonable  amount  of  time  if  carried 
out  in  a  low-level  language. 


I  should  also  like  Co  add  that  an  excellent  reference  to  relaced 


literature  is  Tan  der  Linden  {8J . 
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